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Abstract
This work encompasses the study of energy dispersive X-ray diffraction CT (EDXRDCT) 
system to be installed outside breast tissue biopsy subtraction operation theatre. The system 
was tested using different materials that simulate breast tissue diffraction pattern contrast and 
shape compactness. The system spatial resolution was assessed to detect the smallest 
possible details in each position. The system detection of detail shapes was calculated using 
compactness parameter.
Initially the EDXRDCT system was used with a pinhole CdTe detector to radiate samples of 
raw materials and different combinations of materials were counted to simulate the contrast 
between breast tissue at 1.1 nm*^  and 1.6 n m T h e  system was then tested using cylindrical 
samples of two materials with different details sizes (2 mm, 1 mm and 0.5mm) that simulate 
the contrast between breast tissues. Profiles of the EDXRDCT images were plotted and found 
that details until 1 mm of size can be detected.
Some samples of different shapes and materials that simulate breast tissue was scanned using 
the EDXRDCT system with HEXITEC detector. Scanned parameters were optimised for the 
beast compactness results that give close values to MicroCT findings. Furthermore a waxed 
real tissue of liver was scanned to prove the feasibility of scanning waxed tissue instead of 
fresh ones. The compactness and diffraction of sample details was measured. Finally, a 
phantom that simulates breast tissue contrast and shapes was designed to test the EDXRDCT 
system with HEXITEC detector. The system was capable to show details shape and give 
close compactness values to Micro CT results in 2.5 hours scanning time.
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Chapter 1
1 Introduction
Breast cancer is the most frequently occurring cancer in women, and its mortality rate is high 
compared to other cancers. In 2008, Coleman et al, reported varying breast cancer survival 
rates worldwide at five years, ranging from 80% or above in high-income countries such as 
north America, Sweden and Japan, to around 60% in middle-income countries, and below 
40% in low-income countries (Coleman et al., 2008). The decreased survival rates in low- 
income countries can be attributed to the unavailability of affordable screening modalities 
and/or lack of education, resulting in cancer being detected at later stages and therefore 
causing a decrease in the survival rate (Suri et al., 2012).
The breast cancer diagnosis procedure in the UK starts either from breast screening of women 
between the age of 47 and 73 every three years or when a person notices any symptoms of 
breast cancer and reports them to the GP. The GP then examines the symptom and, if needed, 
a referral will be given to a specialist breast cancer clinic. The National Institute for Health 
and Clinical Excellence (NICE) has issued guidance for GPs about referring patients with 
cancer to specialist services, including a list of symptoms which may require an urgent 
referral. An urgent referral will usually be within two weeks and that is when a mammogram 
and if needed an ultrasound scan will be undertaken. If a cancer is detected, another 
ultrasound and mammogram will be done for reassuring. After that, a biopsy from breast 
tissue cells and, if needed, from the lymph nodes will be taken for testing. The results from 
the biopsy will be stated in a pathology report which can take from one day to several weeks 
depending on many factors (Care, 2010) .
It is well known that time plays a significant role in the treatment of breast cancer. The 
overall time that is taken from a patient with breast cancer between diagnostic and treatment
17
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is fifty days (according on a private conversation with a radiotherapist in RSCH) (Hafez, 
2013). Any time saving especially after the referral of the GP will be beneficial both for a 
positive outcome and for the patient’s psychology.
This project is investigating the development of a tissue analysis system to be mounted just 
outside the operating theatre to investigate the biopsy components to give a computer aided 
result with a time scale the order of minutes. The advantages of this technique is that it does 
not depend on personal experience; also no chemical sample preparation is required to 
examine the sample (Elshemey et al., 2013).
X-ray diffraction (XRD) results from the interference of coherently scattered X-rays by a 
structure. A diffraction pattern is a measurement of the intensity of scattered X-rays as a 
function of linear momentum transfer (% =1/1 sin(0/2), where % is the momentum transferred 
to the photon causing it to deviate through an angle 0 and 1 is the wavelength of the beam) 
(Harding et al., 1987). It is not easy to characterise a tissue specimen above a few cubic 
millimetres in size due to the superposition of signals from tissue components placed at 
different depths. X-ray diffraction computed tomography (XRDCT) overcomes this problem 
by providing a three dimensional scatter signature of the specimen.
Analysis using X-ray diffraction can be achieved by different techniques. A range of 
momentum transfer values can be achieved either by using a single-energy beam and varying 
the scatter angle (angle dispersive XRD) or by keeping the scatter angle fixed and exploiting 
the information from the different energy components present in an X-ray beam from a 
conventional source (energy dispersive XRD)(Pani S., 2010).
Historically, XRD has been used for characterising crystalline materials: the high degree of 
order in such a material causes its diffraction pattern to feature sharp peaks, the position of 
which is related to the inter-atomic distances in the lattice. However, it has been proven that 
XRD is effective in the characterisation of amorphous materials, featuring a degree of short- 
range order: in this case, the diffraction patterns feature broader peaks than those from 
crystalline materials, but their position is still dependent upon the average inter-atomic 
distances in the materials. In particular, X-ray diffraction is effective in tissue 
characterisation. This is because the invasion of healthy tissue by cancer causes a loss of 
short-range order, which reflects in broadening of diffraction peaks, and an alteration of inter­
atomic distances, which reflects in changes in the position of the peaks.
18
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Further information at the macroscopic level that allows the classification of a lesion is its 
shape, benign lesions having smoother, rounder shapes than cancer. A shape can be evaluated 
using several parameters; this study focuses on shape compactness (C = p^/A, where p= 
perimeter and A= area of a detail): the smaller its value, the closer a region is to a circle 
(Shen et al., 1992).
As biological tissue is intrinsically non-uniform, a mapping of its diffraction properties, as 
opposed to single-point measurements, needs to be done using planar imaging or Computed 
Tomography (CT), the latter providing cross-sectional imaging of a sample. In this project an 
Energy Dispersive X-ray Diffraction Computed Tomography (EDXRDCT) Imaging 
technique was used to give a cross sectional images of samples. This system combines energy 
dispersive diffraction measurements with computed tomography to give a two-dimension 
cross-sectional map of the distribution of the diffraction patterns.
1.1 Motivation and goal
This project aimed at developing an EDXRDCT system to be mounted just outside the 
operating theatre to investigate biopsy samples and give a computer-aided automatic 
classification. This is done in two main steps:
1. Evaluate the diffraction patterns of different types of tissue and the spatial resolution to 
which they could be obtained using an energy-dispersive X-ray diffraction CT system. The 
system consists of a tungsten-anode X-ray source operated at 70 kVp, a sets of collimators, 
translation-rotation stages and a custom-developed detector.
2. Combine the above information with that on the shape of a lesion, as measured from 
compactness, with the aim of automatic classification.
A tissue sample was scanned using a high-resolution microCT system, based on conventional 
imaging methodologies (X-ray transmission) in order to evaluate the intrinsic compactness of 
lesions. The same sample was scanned using the EDXRDCT system on the one hand to 
assess the loss of accuracy in the determination of the compactness resulting from the poorer 
spatial resolution of the system, and on the other hand to obtain diffraction patterns of the 
different regions of interest in the sample.
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The information from these studies was combined for each tissue type to build the 
phantom that simulates breast tissue, for the purpose of testing the EDXRD system. A major 
part of the project goal was addressed in this study while some other minor studies needed to 
be undertaken for the completion of this project which will be discussed in chapter 9.
1.2 Thesis structure
The thesis addresses its goal through ordered chapters and subsections, starting with an 
introduction and overview of the studies related to the project in the literature review in 
chapter one.
The underpinning theory of the project is mentioned in the second chapter. X-ray production 
and the different interactions that X-ray interacts by with matter at the diagnostic level 
emphasising the focus Rayleigh also called elastic or coherent scattering which demonstrates 
the diffraction of X-ray were studied. Some imaging principles like contrast and spatial 
resolution were considered to improve EDXRDCT images.
Breast anatomy, periodicity and pathology were also studied in the third chapter in order to 
link them with breast tissue EDXRD breast classification.
Different samples of different shapes were scanned using the micro CT imaging system in 
chapter four. To study sample shapes closely a transmission micro CT system was used 
using a micro focus X-ray sources, a sample stage and a flat panel detector. This study is 
essential to have shape compactness reference value discussed.
In chapter five, the development of test objects which simulate breast tissue using EDXRD 
system is investigated using for single component or symmetrical samples. The system is 
based on MXR225/22 high intensity beam X-ray source, primary collimator, sample stage, 
scatter collimator and a CdTe detector.The capability of the systems to detect samples details 
is investigated and the contrast between materials is calculated in order to compare it with 
that of different breast tissue contrast.
Samples of different shapes and components that simulate breast tissue components is 
scanned using an EDXRDCT system using a pixelated spectroscopic detector (HEXITEC) in 
chapter six. This is in order to find the capability of the system to detect shapes compactness 
and diffraction contrast.
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In chapter seven, a waxed real tissue block is scanned using both micro CT system and 
EDXRDCT system with both CdTe and HEXITEC detector. Shape compactness study 
findings are compared between EDXRDCT images and micro CT images. Then a diffraction 
contrast calculation is done based on EDXRDCT images.
Building a phantom that simulates breast tissue diffraction contrast and shape is discussed in 
chapter eight. The phantom is built using breast tissue contrast equivalent materials and 
designed to simulate the compactness of breast tissue different components. This is done 
using the knowledge gained from the previous three chapters.
The final conclusion, limitations and the suggested future works of the project are discussed 
in chapter nine.
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Chapter 2
2 Theoretical Background
2.1 X-ray production
When fast electrons interact with atomic nuclei by inelastic scattering, part of their kinetic 
energy is lost in the form of electromagnetic radiation. The radiation that is emitted from 
electrons decelerating is called bremsstrahlung (Figure 1). The fraction of electron energy 
that is converted into bremsstrahlung X-ray increases with electrons’ energy and the square 
of the absorbers atomic number. (Bushberg J . , 2002)
^  _ Bremsstrahlung 
a  x-ray
Coulombic attraction ,
Nucleus
Figure 1: Radiation energy loss via bremsstrahlung. (Bushberg J. 2002)
The energy of a bremsstrahlung X-ray photon can be any value up to the entire kinetic energy 
of the deflected electron. Thus when multiple electrons undergo many bremsstrahlung 
interactions, the result is a continuous spectrum of X-ray energies. This energy loss that
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produces bremsstrahlung interaction is responsible for X-ray production in X-ray tubes. 
Figure 2 shows the spectrum from a tungsten target.
Unfiltered 
in vacuum Characteristic 
. :-rays
maximum
PhotonenergyBremsstrahlung
o 100
Photonenergy [keV]
Figure 2; Continuous Bremsstrahlung spectrum of tungsten with characteristic lines K-alpha and K-beta. (Cattin,
2011)
The shape of the energy spectrum that is produced from X-ray tubes can be filtered or altered 
by passing it through different absorber materials. That is to remove low energy photons from 
the spectrum. (Knoll, 2010)
In addition to bremsstrahlung X-rays, characteristic X-rays may also be produced when fast 
electrons pass through an absorber. If the orbital electron of an atom is excited, and the atom 
is in an excited state for a short period of time, there is a normal tendency of the atom to 
return to its lower energy state or ground state. The energy liberated to take the atom from an 
excited state to a lower energy state is emitted in the form of a characteristic X-ray photon. 
The energy of this photon is equivalent to the difference between the electron’s binding 
energy in the lower and higher energy state. Therefore the spectra from X-ray tubes show 
characteristic X-ray lines overlay on the continuous bremsstrahlung spectrum when the 
applied voltage is greater than the binding energy of the relevant atomic shell. (Knoll, 2010)
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2.2 Interaction of X-rays with matter at the diagnostic level
When X-rays interact with matter, part or all of their energy will be transferred to electron 
energy, by either scattering or absorption of X-ray photon in matter. There are four major 
interactions of X-rays with matter: 1- Rayleigh scattering, 2- Compton scattering, 3- 
photoelectric effect and 4- pair production.
Compton and Rayleigh scattering are the two scattering processes for X-rays. Compton 
scattering has been used in several imaging instruments as a tool for direct imaging and for 
the investigation of the superficial structures and gives, essentially, information on electron 
density (Kosanetzky et al., 1987). On the other hand, Rayleigh scattering is defined as the 
diffraction of an electromagnetic wave by the electric field associated with the electron 
charge distribution surrounding the atomic constituents (Harding et al., 1987).
Photoelectric effect is predominant in high atomic number atoms, while pair production 
interaction occurs when photon energy exceed twice the rest mass energy of electron 
(1.02MeV) which is above the diagnostic energy level and will not therefore be addressed 
here. Rayleigh scattering is the core interaction that this project is interested in and is 
predominant at low energy. Figure 3 shows the probability of interactions with respect to the 
atomic number and photon energy.
120
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Pair production "  
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Figure 3: Relative importance o f  the three major types o f  y-ray interaction, (Knoll, 2010)
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2.2.1 Rayleigh scattering
Rayleigh scattering or coherent scattering is an elastic scattering process that occurs between 
the incident photon and the whole atom. When the electromagnetic wave of the incident 
photon interacts with the atom, the electrons in the atom oscillate in phase. The atom’s 
electron cloud immediately emits a photon of the same energy as the incident one. However, 
the direction of the wave is changed. The average deflection angle increases with decreasing 
photon energy. This interaction usually occurs with a higher probability in low energy X-rays 
(below a few hundred keV for common materials) and is most prominent in high atomic 
number Z absorbers. In medical imaging Rayleigh scattering has an undesirable effect on 
image quality. However this interaction has a low probability occurrence in the diagnostic X- 
ray energy range as the deflection angle decreases with increasing energy, restricting the 
practical importance of coherent scattering to low energies. In soft tissues, only 5% of 70keV 
X-ray energy will be detected as Rayleigh scattering and 12% of interactions at 
approximately 30keV. (Bushberg J . , 2002; Knoll, 2010)
It dominates the total scatter intensity below about 10°, in the diagnostic energy range 
(30-150 keV) (Kosanetzky et al., 1987). The coherent scatter fluence depends on the number 
of scattering units per unit volume of the different materials in the sample, and its angular 
distribution on their structure. The angular distribution of photons scattered coherently in 
amorphous materials can be described by the molecular differential coherent scattering cross
section ^ ^ { 6 )  (Kleuker et al., 1998; Narten & Levy, 1971). The magnitude of the scattering 
dQ.
at different angles is governed by an appropriate form factor. The differential scatter cross 
section for atomic species is generally written as the product of the Thomson (free electron) 
cross section and a form factor (squared), describing how the scatter from a free electron is 
modified by the inter-electron interaction.
^ ( ^ )  = !L ( i+ c o s " ^ ) x F '" ( ; ( r ,Z )  1
2
2^
H ere-y(l + cos^^)is X-ray scattering from a single, unbound electron, the so-called
Thomson cross-section, re is the classical electron radius, F  called the molecular interference 
function (MIF), where MIF depends on momentum transfer % of the photon causing it to be 
deviated through an angle ^  and is usually expressed in nm '\ and is closely related to the
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radial distribution function (RDF) that describes the spatial distribution of electronic charge 
throughout a liquid. In principle, the RDF and associated MIF can be considered the 
‘fingerprints’ of substances that they can help to identify. (Harding et al., 1987; Wells & 
Bradley, 2012)
% = l/A sin (^ /2 ) 2
where A is the beam wavelength and 9 is the scattering angle. Due to the presence of the 
form factor, coherent scattering gives information on the molecular structure of the material 
(Ryan & Farqquharson, 2007).
The equation underlying the shape of the form factor is Bragg’s law;
Id sm O  = nÀ, 3
Bragg’s law states the essential condition which must be met for diffraction to occur, d  is the 
distance between scattering centres, 6 is the Bragg angle (half the total scattering angle) of 
the incident X-ray of wavelength 1 and n is the order of diffraction.(B. D. Cullity, 2001; He,
2009)
2.2.2 Compton scattering
Compton scattering is the interaction between an outer shell electron in the absorber and the 
incident X-ray photon. This interaction is predominant in the diagnostic X-ray energy range. 
The electron is ejected from the atom and the photon is scattered with a different angle and 
reduced energy. Due to the conservation of energy, the energy of the incident photons (E^)
equals the sum of energy of scattered photon {Es^ and kinetic energy of ejected electron {Eg), 
as in equation 4. The binding energy of the ejected electron is comparatively small and can be 
neglected.
^0
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The ejected electron will lose its kinetic energy by ionising or exciting the surrounding 
atoms, while the Compton scattered photon will continue to interact with the medium by 
Rayleigh scattering, further Compton scattering or photoelectric effect (see section 2.2.3). 
The energy of the scattered photon can be calculated from the incident photon energy and the 
angle 6 with the direction of the incident photon. Equation 5 shows the relation.
&
where WpC^is the electron’s rest mass and is equal to 511 keV. The photon scattering angle
ranges from 0° when no energy is transferred to the electron, to tt. A s the energy of the 
incident photon energy increases, the deflection angle of the scattered photon is decreased. 
Figure 4 shows how much scattering angle is related to incident photon energy. Thus for high 
energy incident photon, the majority of the energy is transferred to the scattered electron, 
while for lower energy incident photons the majority of the energy is transferred to the 
scattered photon, which is detected and used for diagnostic imaging.
90"
1 keV
100 keV
2 MeV
500 keV
10 MeV
18Cr
90°
0°
Figure 4: A polar plot o f  the number o f  Compton-scattered photons into a unit solid angle at the scattering angle 
9, The curves shown are for the indicated initial energies. (Knoll 2010)
The probability of Compton scattering interaction increases with two factors: the number of 
electrons available in the scattering target and thus with increasing the atomic number of the 
absorber, and increasing the energy of the incident photons that it is greater than the 
electron’s binding energy.
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2.2.3 Photoelectric effect
Photoelectric interaction occurs when an X-ray photon interacts with an electron from the 
inner most shells of an atom. The photon disappears and its energy is transferred to a 
photoelectron that is ejected from the atom. The energy of the ejected photoelectron Ee is,
where Eb is the binding energy of the electron and Eq is the energy of the incident photon.
The incident photon energy must exceed or be equal to the electron’s binding energy. 
Following photoelectric interaction, the atom of the ejected electron will be ionised by a K- 
shell electron vacancy. This vacancy is filled by an electron from a less bound energy shell, 
causing an electron vacancy in that shell. Another electron will fill this vacancy and so on. 
The difference of binding energy between different shells will be emitted as a characteristic 
X-ray, which was discussed earlier in section 2.1, or an Auger electron, which is the ejection 
of an orbital electron by the energy of the characteristic X-ray photon with a kinetic energy of 
the difference between the transmission energy and the electron’s binding energy. The 
probability of photoelectric interaction is approximately proportional to Z^IEq , were Z is the 
atomic number of the absorber.
2.3 Analysis techniques based on coherent scattering
Small angle X-ray scattering (SAXS) experiments usually explore inter-molecular distance in 
the range up to a hundred nanometres, while X-ray diffraction (XRD) experiments deal with 
molecular spacing in the order of few nanometres. A SAXS and XRD pattern is a plot of 
scattered intensity as a function of momentum transfer, %.
The image from elastic scattering provides values of contrast greater than that of inelastic 
scattering. Nevertheless, elastic scattering images show considerably higher noise. (Cunha et 
al., 2010)
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2.3.1 Small angle X-ray scattering (SAXS)
A SAXS pattern was first observed in 1930 (Alexander, 1985; Guinier & Foumet, 1955). It is 
a reliable and economic method for analysing nanostructure materials that observe the 
coherent scattering from a sample as a function of the electron distribution in the sample. 
SAXS is in the range from 0° up to roughly 2° or 3°. One dimensional SAXS data, collected 
by a point detector, are a curve of the scattering intensity versus the scattering angle. SAXS 
data collected by two-dimensional detectors can reveal isotropic features from specimens 
such as biomaterials. The scattering intensity distribution contains information about particle 
size, size distribution, particle shape and orientation. (He, 2009)
2.3.2 X-ray diffraction (XRD)
Two kinds of X-ray diffraction experiments are discussed below.
2.3.2.1 Angular dispersive X-ray diffraction (ADXRD)
ADXRD imaging is based on a monochromatic beam and angular scanning of point-like 
detector at different angles or using a two-dimensional detector. It is explained using the 
Bragg equation (3), by fixing the wavelength and varying the angles in which the radiation 
diffracted for various d-spacings.
2.3.2.2 Energy dispersive X-ray diffraction (EDXRD)
The principle of EDXRD can be explained by the Bragg equation (3). The Bragg angle 0 is 
constant and Bragg condition is satisfied for various d-spacings and wavelengths. A 
polychromatic X-ray beam is required to provide the X range. The diffraction pattern is 
displayed as diffracted intensities at a range of wavelengths with various peaks corresponding 
to each (f-spacing. (He, 2009)
The (/-spacing resolution of energy dispersive X-ray diffraction is limited by detector 
technology. With a strong X-ray source, an EDXRD pattern can be collected in a relatively 
short time, particularly with not mechanical moving components. (He, 2009)
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An EDXRD pattern can be collected in a constant 20 angle and it also uses high X-ray energy 
range, which gives the technique high penetration power. This made the EDXRD a suitable 
technology for studying samples in pressure cells. (He, 2009)
2.4 X-ray detection
2.4.1 Detector interactions
X-ray detectors can be classified as direct or indirect. A direct detector usually records the 
electrical charges which results directly from ionisation of atoms in the detector. Solid-state 
direct detectors for X-ray imaging are made of photoconductors placed between two 
electrodes. When X-rays strike the photoconductors, bound electrons moves to the 
conduction band and become conduction electrons, while mobile holes remains in the valance 
band of the photoconductor. These charges then migrate to the upper and lower electrodes, 
and the accumulated charge is measured electronically. (Grieken & Markowicz, 2002)
In a photon counting detector, each X-ray photon is absorbed and converted to an electronic 
pulse. The number of X-ray photons recorded per unit time is proportional to the number of 
pulses. Other detectors are integrating detectors where the collection of X-ray photons is 
converted into an analogue electrical signal and the size of the signal is proportional to the 
intensity of the incident X-rays.
A pulse may occur in the detector while the electronics chain is processing a previous one. 
This leads to rejection of such pulses which rise dead-time losses. In other words, more 
photons are absorbed in the detector material than are recorded by the electronics chain. 
When a photon of energy E interacts with the detector medium, all or part of its energy is 
absorbed. To determine the detector response, five types of interactions must be considered. 
(Yaffe et al., 1976)
2.4.1.1 Total energy absorption
The photon energy can be absorbed in either of the following ways:
(a) The photon may interact by photoelectric effect producing a photoelectron which is 
completely stopped in the crystal, plus either a fluorescent photon or an Auger electron which 
are absorbed.
(b) The photon may be Compton scattered in the detector then absorbed.
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In both cases the detector pulse height is proportional to the incident photon energy and no 
spectral distortion results.
2.4.1.2 Fluorescent escape
The photoelectron is absorbed but it is possible that the fluorescent photon (fluorescence 
radiation resulting from the de-excitation process to fill the vacancy created in the K-shell) 
produced escapes from the detector crystal usually backwards through the entrance window 
leaving an energy E -E k 'm  the detector, where Ek is the fluorescent photon energy.
2.4.1.3 Collimator scatter and backscatter
The photon may be absorbed after being scattered in elastically by any material surrounding 
the detector. In this case the energy deposited in the detector depends on the scatter angle as 
detailed in section 2.2.2.
2.4.1.4 Escape of Compton scattered photons
Photons may be Compton scattered in the detector crystal and escape leaving behind only the 
energy of the recoil electrons. Again, the energy deposited in the crystal by the recoil 
electrons is dependent upon the angle by which photon is scattered and has a Compton edge 
energy of Ec which is given be the following equation.
Ec = E-Ei j  7
2.4.1.5 Multiple scatter
It is possible that the photon is scattered more than once before escaping, depositing energy 
in the form of two or more recoil electrons. The energy deposited will lie between Ec and Eb.
2.4.2 Spectroscopy chain
In a photon counting detector, each X-ray photon is absorbed and converted to an electronic 
pulse. The number of X-ray photon recorded per unit time is proportional to the number of 
pulses. A simple pulse height analysis system is shown in Figure 5.
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Preamplifier Linear amplifier
Detector Bias 
supply
MCADetector
Figure 5; Elementary signal chains system for pulse height spectroscopy. (Knoll, 2010)
2.4.2.1 Preamplifier
The fundamental output of all pulse- type radiation detectors is a burst of charge Q that is 
created by the incident radiation. For most detectors, the charge is so small that is impractical 
to deal with the signal pulses without an intermediate amplification step. The first element in 
a signal-processing chain is often a preamplifier as an interface between the detector and the 
pulse processing and analysis electronics that follow. One function of the preamplifier is to 
determine the capacitance quickly and therefore to maximise the signal-to-noise ratio. The 
preamplifier typically provides no pulse shaping, and its output is a linear tail pulse. (Knoll, 
2010)
2.4.2.2 Detector bias and high voltage supplies
Most of radiation detectors require the application of an external high voltage for their proper 
operation. This voltage is called detector bias, and high voltage supplies used for this purpose 
are often called detector bias supplies. (Knoll, 2010)
2.4.2.S Linear amplifier
The linear amplifier has two essential functions in the pulse processing chain: pulse shaping 
and amplitude gain. If the product of input amplitude and gain exceeds the maximum design 
output amplitude, the amplifier will saturate and produce a distorted output pulse with a flat 
top at the amplitude in which saturation occurs. Linear amplification will be realised only for 
pulses that are short of these saturation level. (Knoll, 2010)
2.4.2.4 Multichannel analyser
The principle operation of a multichannel analyser (MCA) is to convert the analogue signal
into an equivalent digital number that can be stored and displayed in digital information
system in the objective to record pulse height spectra. As a result, the analogue to digital
converter (ADC) is the main element in determining the performance characteristic of an
32
© Shyma Alkhateeb 2013
Theoretical Background
Development o f a System for EDXRDCT o f breast tissue samples and phantoms
analyser. The job to be performed by the ADC is to derive a digital number that is 
proportional to the amplitude of the pulse represented at its input. (Knoll, 2010)
2.4.3 Energy resolution
The energy resolution of a detector is its ability to resolve X-ray photons of different energy. 
It can be expressed in many formats with a variety of definitions. One is given by the size of 
the energy window, AE, in electron volts. The energy window is determined by the full width 
at half maximum of the detector efficiency curve as a function of energy with the detector 
and counting electronics set to a specific wavelength. (He, 2009)
A formal definition of detector energy resolution R can be expressed as follows
R = F W H M
Hn
where FWHM  is defined as the width of the distribution at a level that is half the maximum 
ordinate of the peak and Ho is the location of the peak centroid. Thus energy resolution is a 
dimensionless fraction that is usually expressed as a percentage. Figure 6 illustrate the 
differential pulse height distribution that might be produced. This distribution is called the 
response function of the detector for the energy used. (Knoll, 2010)
dN
dH
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resolution
i k
Poor 
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Ho H
Figure 6: Examples o f  response function o f  detectors with relatively good and relatively bad resolution. (Knoll,
2010)
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2.5 Image quality Parameters
2.5.1 Contrast
Contrast is the relative difference in intensity between closely adjacent regions on the image. 
In the case of diffraction imaging, image contrast is generated by differences in the 
diffraction patterns for specific momentum transfer values of the materials in the sample 
(Kleuker et al., 1998). Subject contrast is defined as the difference in some aspect of the 
signal. The magnitude of the difference can often be affected and adjusted by changing some 
parameters on the imaging system (Bushberg J . , 2002). Subject contrast can be defined as;
c o n tr a s t  = I h  I
max(/2,/i)
where I\ is the average signal from the detail region, h  is the average signal from the 
background and max(/2 ,/;) indicates the larger of the two values / 2 or Figure 7 illustrates 
this formula.
0
•l >2
Figure 7: The relationship between changes in the thickness and the contrast.
2.5.2 Signal-to-noise ratio and contrast to noise ratio
Contrast resolution is very much related to signal-to-noise ratio. As the noise level decreases, 
the contrast of the object becomes more detectable. A system may be classified as having 
high contrast and good resolution but still be unable to resolve even large objects due to the 
presence of noise in the image.
Different sources are responsible for producing image noise, the most common of these are:
a) Noise due to fluctuations in the number of photons detected per unit area (quantum noise). 
This type of noise can be reduced by increasing the number of photons used to produce the
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image where this in turn will increase the dose to the patient. For an X-ray detector system 
that consists of square pixels, if N is the average number of X-ray photons recorded in a 
pixel, then the noise per pixel is given as:
a =  VN 10
where a  is called the standard deviation or the noise. The noise that is perceived in a region 
of an image is called the relative noise or the coefficient of variation (COV) and is given as:
Relative noise =  COV =  -  11
N
The inverse of the relative noise is called signal-to-noise ratio (SNR) and in imaging it is 
given as:
SNR =  12
cr
1^2 ~  1 is the change in intensity caused by the lesion or region of interest. As |iV2  —
increase the SNR increases. Image quality is highly determined by the SNR.
b) Noise resulting from the detector.
In a photon-counting detector, the noise is purely quantum noise.
2.5.3 Spatial resolution
Spatial resolution is the ability of an imaging system to accurately show objects in the two 
spatial dimensions of the image. Classically, it is the ability to detect two objects as they 
become closer and smaller. The closer the objects and smaller they become without losing the 
ability to see them as two separate objects the better the spatial resolution is. The spatial 
resolution of an image produced by any optical device can be reduced by defocusing which 
causes blurring of the objects’ image. (Bushberg J . , 2002)
In a two dimensional X-ray diffraction image, each pixel contains the X-ray intensity 
collected by the detector corresponding to the pixel element. The pixel size of an area 
detector determines the space between two adjacent pixels. Therefore, the pixel size is also 
referred to as pixel resolution (He, 2009). However, the pixel size does not necessarily 
represent the true spatial resolution of the detector. The resolving power of an area detector is
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its point spread function (Bourgeois et al., 1994). The PSF is the two dimensional response of 
an area detector to a parallel point beam smaller than one pixel. Figure 8 shows a PSF in a 
pixel plane. When the sharp parallel point beam strikes the detector, not only do the pixels 
direct to the beam record counts, but the surrounding pixels also record counts to a certain 
extent. Therefore, the PSF is also referred to as the spatial redistribution function. The plane 
at the half maximum intensity has a cross sectional region with the PSF. The FWHM can be 
measured at any direction crossing the centre of the cross section. In practice the FWHM of 
3-6 times of pixel size is a reasonable choice. (He, 2009)
Figure 8: Point spread function from a parallel beam.
2.6 Computed tomography
The mathematical principles of computed tomography (CT) were first developed by Radon in 
1917. He proved that the distribution map of quantity can be obtained if its line integrals 
along parallel lines around 360° are known. Computed tomography (CT) overcomes the 
problem of the difficulty of characterising biological tissues, which are less likely to be 
uniform, and would give rise, in planar geometry, to signals resulting from a superposition of 
signals from tissue components placed at different depth, by providing cross sectional 
distributions of the diffraction patterns (Pani S., 2010).
A single transmission measurement through the patient made by a single detector at a given 
moment in time is called a ray. A series of rays that pass through the patient at the same 
orientation is called a projection. There are two projection geometries that have been used in 
CT imaging. The first one is the parallel beam geometry, in which the rays in the projection 
are parallel to each other. The second one is the fan beam geometry, where the rays in a 
projection angle diverge and have the appearance of a fan. Each ray that is acquired in CT is
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a transmission measurement through the patient along a line, where the deteetor measures an 
X-ray intensity, h. The un-attenuated intensity of the X-ray beam that detects an X-ray 
intensity of Iq. The relationship between h and lo is given by the following equation:
13
where /  p dtis the line integral of the linear attenuation coefficient along the X-ray path. 
(Bushberg J . , 2002)
After pre-processing of the raw data, a CT reconstruction algorithm is used to produce the CT 
images. There are numerous reconstruction strategies; however a filtered backprojection is 
the most widely used technique in CT scanners. The backprojection method builds up the CT 
image in the computer by essentially reversing the acquisition steps as illustrated in Figure 9. 
In a simple backprojection, the content of a pixel in the final image is given by the sum of all 
projections that have crossed that pixel (Kak & Slaney, 2001). In a filtered backprojection, 
the Fourier transform of each projection is multiplied by a filtering function in order to 
reduce the contribution of high-frequency components of the signal, which cause an 
increased brightness around the centre of the image.
object image
acquisition backprojection
Figure 9: Data acquisition in CT. Each transmission measurement is backprojected onto a digital matrix.
(Bushberg J . , 2002)
In filtered back projection, the raw view data are mathematically filtered before being 
projected on to the image matrix. The filtering step mathematically reverses the image 
blurring, restoring the image to the accurate representation of the object that was scanned. 
The mathematically filtered step involves convolving the projection data with a convolution 
kernel.
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Many convolution filters can be used to emphasise different characteristics in the CT image 
(See Figure 10). The Lak filter increases the amplitude linearly as a function of frequency and 
also called a ramp filter. It compensates the unwanted blurring and works well when there is 
no noise in the data. The Shepp-Logan filter is similar to the Lak filter but incorporates some 
roll-off at high frequencies, which has a profound influence in terms of reducing high 
frequency noise the final CT image. The Gen-Hamming filter has an even more pronounced 
high frequency roll off, with better high frequency noise suppression. (Bushberg J . , 2002)
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Figure 10: Computed Tomography reconstruction filters.
Computed tomography passed through many stages of developments which involved 
increasing the number of detectors and geometry of the system to improve images within 
short exposure times. For some applications that do not lend themselves to data collection 
from all possible directions, it is useful to bear in mind that it is not necessary to go 
completely around an object to get complete coverage of the frequency domain. In principle, 
it should be possible to get an equal quality reconstruction when illumination angles are 
restricted to a 180° plus an interval, the angles in excess of 180° being required to complete 
the coverage of the frequency domain. (Kak & Slaney, 2001)
2.7 Diffraction computed tomography
X- ray diffraction CT (XRDCT) provides a 2-dimensional distribution map of diffraction
patterns inside an object. A projection in XRDCT is a series of diffraction patterns collected
along parallel lines either in a “first generation CT” geometry or in a parallel, collimated-
beam geometry. This technique offers the great advantage of imaging the internal structure of
the object in an almost non-invasive manner. Investigating materials without perturbing the
micro-structures is fundamental when the physical properties of the materials are dependent
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on the evolution of the intimate organisation of the structure (Artioli et al., 2010). A data set 
(sinogram) for XRDCT is a set of diffraction patterns collected by probing the sample in a 
slice with a monochromatic pencil-like primary beam with orientations and thus projection 
angles ranging from 0 to 180 degrees. (Kleuker et al., 1998)
The aim of XRDCT is to restore the function y(x,y,26) that represents the spatial distribution 
of the scattering cross section in the sample and depends on the scattering angle 29. The 
coherent-scatter fluence depends on the number of scattering units per unit volume, of the 
different materials in the sample, and its angular distribution on their structure. Figure 11 
displays a schematic diagram of XRDCT components.
voxel j
cone
Figure 11 : A schematic drawing o f  the ray tracing giometry used for XRDCT imaging. (Kleuker et al., 1998)
The differential linear-scattering coefficient y(x,y,26) can be tomographically reconstructed 
for each sampled scattering angle analogous to the linear-attenuation coefficient in absorption 
tomography (Kak & Slaney, 1987).
In diffraction CT, the measured data by a point detector at a position t and at an angle 0 in the 
frame of reference parallel to the imaged slice, when attenuation by the sample is negligible 
and the beam is collimated, is given by
l(0,t) -  Iq J(0 t) li d t 14
If the scattered intensities around the sample are known, the quantity that is reconstructed is 
proportional to the distribution of the linear differential scatter coefficients. Unlike 
conventional CT, diffraction CT is said to be an emission CT problem similar to those found, 
for instance, in nuclear medicine.
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Chapter 3
3 Breast Pathology and Breast Classification Using X-ray 
Diffraction
3.1 Breast anatomy
The internal anatomy of a breast consists of mammary glands that contain 15 to 20 lobes 
arranged radically and separated by adipose tissue and strands of connective tissue that 
supports the breast which is called suspensory ligaments of breast (Cooper’s ligaments). In 
each lobe there are smaller lobules, in which milk secretion glands called alveoli are located 
(Tortora & Derrickson, 2007). Figure 12 shows a cross sectional anatomy representation of 
breast.
CKesi wall
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T Nipple
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Figure 12: Breast cross sectional anatomy. (Institute, 2013)
40
© Shyma Alkhateeb 2013
Breast Patholo^ and Breast Classification Usin^ X-ray Diffraction
Development of a System for EDXRDCT of breast tissue samples and phantoms
3.2 Pathological classification
Breast cancer refers to the irregular growth and production of cells that occur in breast tissue. 
Normal organization of ducts and acini in the breast is shown in
Figure 13a. The cross section demonstrates luminal epithelial cells aligned in a polar manner 
so their epical side faces and surrounds the lumen. The luminal epithelial cells are surrounded 
by a non-continuous layer of myoepithelial cells. Surrounding these cells in the basement 
membrane and this entire structure is surrounded by stroma, which is predominantly 
composed of type I collagen. Malignant cancers develop initially in the epithelial level 
indicated by an increasing number of creating epithelial cells and lose of the luminal 
epithelial cell (
Figure 13b). I f  detected at this point o f development, the cancer can be reversible and is 
called ductal carcinoma. If  it progresses and develops into invasive carcinoma, the cancer 
becomes irreversible (
Figure 13c). The disease can then fracture through the basement membrane and into the 
surrounding stroma to the rest of the breast tissue and will spread after gaining access to the 
lymph nodes and blood vessels pathways (Suri et al., 2012; Wozniak & Keely, 2005).
Radiological methods generate and analyse images of breast tissue, while pathology 
examines the tissue itself. Histological parameters for tissue diagnosis are: individual size of 
a lesion, shape of the tumour (circular or spiculated), lesion distribution, extent of the disease 
and heterogeneity (Suri et al., 2012).
À
m'
Figure 13: Normal and cancerous breast morphology, a. Normal breast, b. Ductal carcinoma in situ and c.
Invasive carcinoma. (Wozniak and Keely 2005)
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It is difficult to assess radiological patterns using microscopic analysis of tissue because of 
the third dimensional depth of tissue. Thus, large-section histology images and radiological/ 
pathological correlation are essential (Suri et al., 2012). Several authors (Gram et al., 1997; 
Tabar et al., 2005) classified normal breast into five different patterns. Pattern I is the most 
commonly reproduced pattern and represents a mixture of fatty replacement, patchy and 
dense breast tissue, illustrated in Figure 14a. Pattern 2 corresponds to breast tissue that has 
undergone fatty involution, while pattern 3 shows fatty involution with a remaining of the 
glandular tissue behind the nipple (Figure 14b). Pattern 4 is characterised by the patchy 
appearance of either remaining islands of non-involuted breast tissue or by abbreviation of 
normal development and involution (Figure 14c), while pattern 5 shows dense collagen- rich 
stroma (Figure 14d).
C
Figure 14: Histological appearance o f (a) pattern 1, (b) pattern 2,3, (c) pattern 4, (d) pattern 5. (Suri, Sree et al.
2012)
Invasion of cancerous cells is a complex biological process resulting from the interaction of 
stroma (supporting cells and connective tissue of the breast) and cancer cells. If the stromal 
reaction is relatively weak the invasion of cancer will be in all directions, resulting in a 
spherical invasion lesion as illustrated in Figure 15. A more intensive stromal reaction, 
especially when associated with collagen formation, can eliminate invasion is some directions
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while it allows less limited reactions in other directions. Simultaneously, reaction of the 
collagen can distort normal architecture in the immediate surroundings of tumour’s focus. 
This is how spiculated lesions develop, which is presented in Figure 16. (Suri et al., 2012)
iiE smmim'm m m 'w #  •*
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Figure 15: A schematic drawing, a histological and an ultrasonic image o f an oval shape invasive breast 
carcinoma. Ruler is in millimetres and centimetres. (Suri et al., 2012)
î ? S 9 1 0  n is îs
Figure 16: A schematic drawing, a mammographie and a histological image o f a spiculated shape invasive 
breast carcinoma. Ruler is in millimetres and centimetres. (Suri et al., 2012)
Both spherical and spiculated lesions are masses that are easily detected using 
mammography, ultrasound or MRl. However, in a minority of cases no mass lesions are 
present and the carcinoma is detected based on architectural distortion or other radiological or 
clinical signs. A small proportion of breast carcinoma stays undetectable. Figure 17 presents 
a statistical chart of the proportion of cases in 818 consecutive breast carcinoma cases from 
an unpublished series case study diagnosed in Falun, Sweden 2005-2009. (Suri et al., 2012)
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■  sp ecu lated  49%
■  circular 36%
■  architectural distortion 8%
■  non e 6%
■  other 1%
Figure 17: Proportion o f  cases by mammographie appearance o f invasive components. (Suri, Sree et al. 2012)
The definition of early breast carcinoma comprises in situ careinomas and those having 
invasive components of l-14mm (Tot, 2010; Tot et al., 2009). Such tumours comprise about 
50% of cases in countries with regular screening (Sun et al., 2012).
Radiologists usually search images for abnormalities such as cluster of microcalcifications, 
architectural distortions and masses (Alan & Bovik, 2005). Microealcification is tiny calcium 
deposits that show up as fine white speeks on a mammogram. Arehetietural distortion is 
usually formed when stromal reaction prevent invasion of tumour cells in some directions 
while allows less limited spreading in other directions. At the same time, retraction of the 
collagen can distort normal architecture in the immediate surroundings of the tumour’s focus. 
A mass is defined as a space occupying lesion seen in at least two different projections 
(Tahmasbi et al., 2011).
3.3 Breast tissue Classifîcation using X-ray diffraction
According to Lewis et al (Lewis et al., 2000), disease states are assoeiated with ehanges in 
cellular structure and/or tissue biochemistry with consequent effects on tissue structure. 
Therefore, it is reasonable to suggest that a disease may be detected by analysing tissue 
molecular structure.
X-ray diffraction is used to determine the spatial structure of matter at the atomic and 
molecular level. It is based on the fact that the angular distribution of the number of scattered 
photons exhibits peaks, and their positions and shape depend on the inter-atomic and 
molecular structures of the scatterer, this was discussed earlier in section 2.2.1 using the
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Bragg equation. Even non-crystalline materials such as tissue have some degree of short 
range order and so they can be analysed using XRD. At small angles, between 3° and 10°, X- 
ray scattering is predominantly coherent giving rise to diffraction effects (Changizi et al., 
2005).
The diffraction properties of amorphous materials such as biological tissues are explored in 
SAXS experiments based on monochromatic beams and fixed 2-dimensional detectors, or in 
X-ray diffraction (XRD) experiments, based either on monochromatic beams and angular 
scanning of a point-like detector (angle-dispersive XRD) or on polychromatic beams and a 
spectroscopic detector at a fixed angle (energy-dispersive XRD, EDXRD) (Pani S., 2010; 
Round et al., 2005).
All studies on X-ray diffraction of biological tissue showed that adipose tissue has a sharp 
peak at 1.1 nm'^ and tumours have a less sharp peak at 1.6 nm"  ^(Kidane G 1999; Peplow & 
Verghese, 1998; Poletti et al., 2001). A different diffraction signal is achieved from normal 
and malignant breast tissue in the momentum transfer range 0.5-4 nm '\ It was shown that the 
spectral components carrying most information are centred at l.lnm'^ and 1.6nm'\ The first 
value corresponds to the scattering peak of adipose tissue, and also the value that provides the 
maximum contrast between the malignant and the healthy breast tissue (Harris et al., 2003; 
Kidane G 1999; Leclair & Johns, 2002; Poletti et al., 2001; Taibi et al., 2000; Tartari et al., 
1997). However the use of the full pattern, rather than of selected momentum transfer 
window, would be more reliable in the case of statistically poor data (Pani S., 2010). Kidane 
et al. (Kidane G 1999) measured breast tissue scattering properties in an energy dispersive X- 
ray diffraction system over the momentum transfer range of 0.7-3.5 nm '\ The large % 
behaviour of the form factor is dominated by the electrons which are most highly localised 
i.e., core electrons (Harding et al., 1987). This is because the core electrons are generally 
unaffected by the way in which the atom is bound to its neighbours.
The effect of the combined atoms changes the structure of the free atom total differential 
cross sections to move the scatter direction a few degrees away from the primary beam. This 
is called the small angle X-ray scatter (SAXS) which explores the inter-molecular distances 
at the scale of tens to hundreds of nano meters, which is far beyond the range of standard 
histopathology identification level which is at the order of pm (Sidhu Sabeena, 2009).
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Ryan and Farquharson (Ryan & Farqquharson, 2007; Ryan & Farquharson, 2007) used the 
elastic and inelastic scattering to distinguish between different tissue types. The number of 
Compton scattered photons is proportional to the number of the electron density, which 
indicate the tissue composition, the coherent scatter gave the molecular spacing and tissue 
structure.
Round et al. (Round et al., 2005), defined the momentum transfer function differently using 
SAXS experiments. The data in the region of interest were integrated to introduce a one­
dimensional data set of intensity versus intensity of the scattering vector
X = {^7il X)sm{OI2) 15
where % is the momentum transfer function and is expressed in nm'^ and X is the 
wavelength of the photon that is scattered by an angle 0 .
Differences in densities and compositions result only in different absolute intensity heights of 
peaks, but have no influence on their position (Kosanetzky et al., 1987). It was found that 
SAXS can determine differences between breast tissues by many parameters. Round et al. 
(Round et al., 2005) verified that the scatter pattern changes were not simply due to a 
reduction in the amount of collagen present in the sample according to a histo-pathological 
investigation. The longitudinal axis d-spacing of the collagen fibrils, which is the distance 
between the centre of two adjacent collagen fibrils, and the integrated amorphous scatter, had 
the best ability to discriminate between tissue types.
Kidane et al. (Kidane G 1999) classified one-hundred samples into three main components 
which are stroma (the supporting connective tissue), adipose, and epithelium (which may be 
benign or malignant) using energy dispersive X-ray diffraction technique (EDXRD). He 
demonstrated that the tissue scatter signatures have two important properties that could be 
used to classify breast tissues: firstly the scatter shape and secondly the peak height.
Sidhu et al. (Sidhu Sabeena & Lewis, 2008), using small angle X-ray scattering (SAXS) 
classified breast tissue into invasive carcinoma, benign tissue, and normal parenchyma from 
eighty samples. They also determined a difference between normal and mammoplasty tissue 
(from disease-free patients). Ryan et al. (Ryan & Farqquharson, 2007) using Compton and 
coherent scattering, classified breast tissue into five categories: as adipose, malignancy, 
fibroadenoma, normal fibrous tissue and tissue that had undergone fibrocystic change.
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Four other variables were also analysed to see if changes were evident with distance: third 
order axial collagen peak width, amplitude, peak area and d-spacing (Sidhu Sabeena, 2009). 
Sidhu et al. (Sidhu Sabeena & Lewis, 2008) examined and extracted different parameters 
from SAXS system related to the collagen structure, including longitudinal and lateral 
features, polar angle features, total scattering intensity, and tissue heterogeneity effects. They 
found that the most significant factor was the amorphous scatter which showed the best 
separation between tissue types.
In XRDCT the ideal diffraction pattern of materials is blurred by the finite energy resolution 
of the detector and the finite angular resolution of the system. The lowest diffracted angle 
detected (1°) was by Harding et al. (Harding et al., 1987). This was achieved by decreasing 
the focal spot to 0.6 mm diameter to avoid the penumbra effect at the detector. Generally, the 
sharper peaks obtained with an angle dispersive system, based on energy dispersive X-ray 
diffraction (EDXRD), where Compton scattering background may alter the relative height of 
peaks (Pani S., 2010).
Harding et al. (Harding et al., 1987; Harding et al., 1989) used a tomographic system to 
measure the X-ray diffraction pattern from a small voxel within an extended object. This 
overcomes the problem of polychromatic and angular blurring of the diffraction pattern. 
Furthermore, it avoids the necessary of reconstruction from projections by directly localising 
the scatter voxel in 3D using mechanical collimation. Table 1 illustrates the different 
parameters used in previous studies.
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Table 1: Comparison between X-ray diffraction experiments parameters.
Reference X-ray source Sample Sample Scattering Detector and Scanning
Energy and 
dimension
condition dimension angle resolution step and 
time
Harding, W anode 120 1.3° -6.1° Quasi- Scanning
1987 kVp, 5 mA hexagonal steps 1.5°
(Harding et 
al., 1987) 0.4x0.4 focal 
spot, focus 
diaphragm 
0.6mm
array of 61 
Ixlcm 
bismuth 
germinate 
(BGO)
for 360°
EDXRDCT scintilator
crystals
coupled to
photomultiplie
r tube.
Kosanetzky, Cobalt Kg Brass plate 5° -100° in
1987 radiation 12mm 0,05° steps
(Kosanetzky 
et al., 1987)
(E=6.935keV)
ADXRD of 
different 
materials
xl8mm
%3mm
cavity
5 s/reading
Harding, W anode Voxel size 3.6° HPGe
1989 lOOkVp, 5mA (0.5mm X detector.
(Harding et 
a l, 1989) Tube spot 
0.4mm and near 
focus diaphragm 
0.6mm diameter 
5mm long
EDXRDCT
0.5mm
x5mm) With Energy 
resolution 
350eV at 
60keV
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Evans et al. 60kVp X-ray 19 breast 2°-12° Multi-wire
1991 (Evans source tissue proportional
et al.. 1991)
SAXS
samples 
contained 
in 6mm 
diameter 
plastic 
tubes and 
perspex rod 
samples of 
5,10 and 15 
mm
counter.
Position
sensitive
photon
detector
diameter
Peplow, Synchrotron Refrigerat­ In Lucite Nal detector For 20 keV
1998 light source ed and holder with with minimal 1°-110°
(Peplow & 
V a g ^ se ,
monoenergetic 
beam from
never
frozen
Kapton 
cover, and
energy
discrimination for 8 keV
1998) 5keV with a full Kapton l°-60°
T '.  . ' . ' "
width at half 
maximum of
film in 
centre of
at 0.25°
less than 6eV at 
9keV.
rotation. 
Sample size
intervals 
20min- 2
Beam size 8mm 
horiz.
2mm vert.
2.54xl.91x
0.95cm
hours 
depending 
on the beam 
energy and
Two different x- 
ray energy
ADXRD
synchrotron 
photon flux
Kidane, 1999 W anode. Snap frozen Length 6° HPGe detector 400s
(Kidane G 80kV,10mA at -80°C 4.8mm energy
1999)
Filtration:
2.5mmAl+
2mmBe
EDXRD
Width
0.25mm
Height
20mm
resolution 
0.5keV at 
60keV
(Rogers et Synchrotron Snap frozen 6 Biopsies 200 mm^ 300 secs.
al., 1999)
SAXS
in LN2 from breast multi-wire exposure
tissue, 
cylinders of 
2mm 
diameter
proportional
counter
time
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Lewis, 2000 
(Lewis et al., 
2000)
Synchrotron 
radiation source
Beam size 
~0.5x0.5mm^
Wavelength
1.54Â
SAXS
Frozen at 
243K in 
buffered 
saline
99
specimens 
Inserted in 
l±0.25mm 
diameter 
special 
capillary 
tube of 
~lmm 
diameter
Length (3- 
20mm).
200x200mm 
imaging 
multi wire 
proportional 
counter 
operated at 
512x512 
pixels
300s
Poletti, 2001 
(Poletti et al., 
2001)
Mo tube 
operating at 
30kVp, beam 
vertical size 
(1.7% 8mm)
EDXRD
Refrigerat­
ed
In an 
acrylic 
cylindrical 
container 
(8mm 
diameter, 
0.1mm wall 
thick)
1.3°-72° Nal(Tl) 
detector, 
efficiency 
65%, energy 
resolution 
5keV
10s/
revolution
Royle et al.. 
2002 (Royle 
et al., 2002)
18keV
0°-10°
Synchrotron
ADXRD
Frozen at - 
80°C
4cm thick
phantom
contains
excised
human
breast
tissue
Modified L3 
vision CCD
GnfBÊs et 
. al., 2003 
(Griffiths et 
al.. 2003)
ADXRCT Freezer in - 
40°C
Breast 
tissue 
samples 
placed in 
8mm 
diameter 
cylinder
100 views 
per 360° 
rotation
Geraki et al. 
2004 (Geraki 
& et al., 
2004)
70kVp, 15mA 
W X-ray source
Synchrotron
EDXRD
Frozen breast 
tissue of 2- 
3 mm 
thickness
6° HPGe detector
Castro et al., 
2004 (Castro 
et al., 2004)
Synchrotron
ADXRD
Fixed in 
formalin
1mm thick 
slices, 3 
cm^  area
5°-50°
llkeV
Nal(Tl)
scintillation
detector
50
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Castro et al., 
2005 (Castro 
et al., 2005)
1 s per step, 
50
projections 
across 180°
Round, 2005 
(Round et al., 
2005)
Synchrotron 
radiation source
Wavelength
1.54Â
Beam size 
20mm length, 
0.25mm vertical
SAXS
Snap frozen 
in liquid 
nitrogen
(-80° C)
Length
2.5cm
Height
1mm
Depth 1mm
surrounded 
by buffer 
saline to 
prevent 
dehydration
Image plate 
detector 
6.5cmx5.5cm, 
with 50pm 
pixel size
N/A
Exposure 
time 20min
Changizi et 
al. 2005 
(Changizi et 
al., 2005)
W target X-ray 
source operated 
at 60kVp, 
10mA.
1mm diameter 
collimator
EDXRD
Room
temp.
5 mm 
diameter, 
5mm height 
tissue 
contained 
in low 
scattering 
thin plastic 
holder.
6.5° Planar HpGe 
detector 
energy 
resolution 
850eV at 
59.7keV
Rotated at 
constant 
speed. 
Counting 
time is 500 
sec per 
sample.
LeClair et al. 
2006 
(LeClair et 
al., 2006)
W anode, 50kV 
EDXRD
Frozen in 
LN2
5mm
diameter,
5 mm height 
of water 
and breast.
6°-15° CZT (XR-
lOOT-CZT, 
Amptek Inc.)
10 min
Ryan, 2007 
(Ryan & 
Farqquharso 
n, 2007)
W target 80kV, 
10mA
Source 
collimated to 
0.5mm
EDXRD
Snap frozen 
(-80° C)
In a plastic 
tube of 
4mm inside 
diameter 
with a 
window cut 
out along 
the beam
EDXRD
7J°
SDD-7cm
HPGe detector 
(EG &G 
Ortec) Total 
measure 
time Ih
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Changizi et 
al. 2008 
(Changizi et 
al., 2008)
W anode 
55kVp, 10mA
Lead Collimator 
1mm diameter
EDXRD
Frozen in 
LN2 at
-196°C
131 of 
breast 
tumour 
biopsy 
samples
6° Planar HpGe 
with energy 
resolution 
450eV at 
59.7keV
Rotated 
around the 
scattering 
centre with 
a speed of 1 
round/sec
Sidhu, 2008 
(Sidhu 
Sabeena & 
Lewis, 2008)
Synchrotron 
radiation source
Beam size 
~0.5x0.5mm^ 
wavelength 
1.54Â
SAXS
Snap frozen 
in liquid 
nitrogen ( 
-80°
Up to 
20mm^
200x200 mm  ^
imaging multi­
wire 
proportional 
counter 
operated at 
512x512 
pixels
N/A
Total 
exposure 
time 300s
Sidhu, 2009 
(Sidhu 
Sabeena, 
2009)
Diameter 1 
mm
Length 4- 
25mm
Pani, 2010 
(Pani S., 
2010)
W anode
70kVp, 5mA
Source size 
3% 3mm
EDXRDCT
Freezed in 
liquid 
nitrogen
In sealed, 
thin walled 
plastic tube 
(6mm in 
diameter)
6° HPGe
detector.
Energy 
resolution 0.4 
keV at 59.5 
keV
Scanning 
step 1.8° for 
360°
All aspects 
were 
required for 
4 seconds
(Conceiçào 
et al., 2010)
Synchrotron
SAXS
8 breast 
tissue 
samples 
10mmx2m 
mxlmm
High
resolution
scanner
Sidhu, 2011 
(Sidhu et al., 
2011)
Microfucasing 
copper X-ray 
source 
E=8.05keV
SAXS
Frozen in 
LN2 at 
-80°C
66 biopsies 
from breast 
tissue, 
samples 
Diameter 
1mm and 
lengths 
from4- 
25mm
20x25cm 
image plate 
detector
Oscillating 
samples for 
60 min
© Shyma Alkhateeb 2013
52
Breast Pathology and Breast Classification Using X-ray Diffraction
Development of a System for EDXRDCT of breast tissue samples and phantoms
Elshemey, 
2013 
(Elshemey et 
al., 2013)
Shimadzu 
XRD-6000 X- 
ray
diffractometer 
working at 40 
kV and 30 mA
Fixed in 
formalin 
then 
lyophilised 
for 
scanning.
Fifty-four 
excised breast 
tissue samples
4°-70° at 
steps of 
0.25°
Scintillation
detector
13 min per 
scan
ADXRD
Poletti et al. (Poletti et al., 2001) calculated form factors for water, adipose, glandular tissue, 
PMMA, nylon, CIRS 70/30, CIRS 50/50, CIRS 30/70, RMl 454 and polyethylene. Peplow 
and Verghese (Peplow & Verghese, 1998) calculated form factors of several plastic material 
(lucite, lexan and kapton), animal tissue (Pork and beef fat, muscle, kidney, liver, pork heart 
and beef blood) water, breast tissue and formalin.
Peplow et al. (Peplow & Verghese, 1998) found that the form factors of animal tissue 
all appear similar in shape to water. This depends on the composition of these tissues. Form 
factor from adipose tissue appears very different from water. The adipose tissue from both 
beef and pork form factor appears to be similar to each other and showed some sharp peaks 
as if from diffraction in crystalline materials.
Harding et al. (Harding et al., 1987) showed how the diffraction pattern for muscle resembles 
that of water, except in the region to the left of the main maximum, 1.6 nm'% where the 
scatter value from muscle appears slightly higher in comparison with water. This probably 
indicates a greater measure of long-range order in muscle than in water. The diffraction 
pattern of animal fat shows relatively sharp maxima. This is due to the lipid nature of fat, 
which results in regularly spaced mono-layers of molecules. The orientation of these layers is 
random when averaged over distances of the order of the primary beam width.
Collagen fibrils (diameter -70 nm) in cancerous tissue are unable to aggregate properly to 
reconstitute the typical bundles found in healthy tissues (Sidhu Sabeena, 2009). The 
amorphous scatter from malignant tissues has been shown to be higher than the amorphous 
scatter from normal tissues (Sidhu Sabeena & Lewis, 2008).
53
© Shyma Alkhateeb 2013
Breast Patholo^ and Breast Classification Usin^ X-ray Diffraction
Development o f a System for EDXRDCT o f breast tissue samples and phantoms
The results for adipose tissue are similar to the corresponding values from commercial breast 
equivalent materials (BEM). In particular adipose tissue can be simulated by CIRS or RMI 
materials, while the results for glandular tissue are similar to those for water (Poletti et al., 
2001).
3.4 Periodicity and architecture
Periodicities in the diffraction patterns from the extracellular matrix of normal breast tissue 
showed a mixture of type I and III collagens (James et al., 1991). Breast ductal collagen 
proved to have relatively long periodicity (spacing 350nm) normal to the fibre axis (James et 
al., 1993). (Rogers et al., 1999) illustrated that the diffraction patterns from the normal tissue 
were radically with higher signal than those of the corresponding malignant tissue.
3.5 Breast masses shape analysis
The shape of a mammographie mass can be used to discriminate between malignant and 
benign. Radiologists focus on three different types of features including shape, margin and 
density while visually searching the images (Alan & Bovik, 2005; Rangayyan et al., 2007). 
Mass shapes can be round, oval, lobulated or irregular. Irregular shapes have a greater 
likelihood of malignancy. Mass margins can be circumscribed, microlobulated, indistinct or 
spiculated. Indistinct and spiculated margins have a more likelihood of malignancy. Breast 
density is categorised in four groups of high density, isodense, low density and radiolucent. 
Masses with high density are more likely to be malignant. Figure 18 shows the different 
categories of breast cancer diagnosis according to the Breast Imaging Reporting and Data 
System (Bl-RADS). Bl-RADS designed a quality assurance tool to standardise 
mammography reporting, reduce confusion in breast imaging interpretations and facilitate 
outcome monitoring. (Balleyguier et al., 2007; Riedl, 1998; Tahmasbi et al., 2011; Tang et 
al., 2001)
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Benign ► Malignant
Round Oval Lobulated Irregular
o o o
Circumscnbed Microlobulated Indistinct Spiculated
Isodense High-density
Figure 18: Different types o f shapes, margins and densities and their likelihood o f malignancy according to BI­
RADS. (Tahmasbi, Saki et al. 2011)
Nakayama et al. (Nakayama et al., 2000) described a method which uses three types of 
indicators of malignancy which are:
1- The standard deviation of the densities of individual microcalcifications within a 
cluster (SD).
2- The coefficient of variation of their sizes within a cluster (CS).
3- The circularity of a cluster (CM).
Ertas et al. (Ertas et al., 2001) measured many geometric parameters of solid masses such as 
area, perimeter, circularity, normalised circularity, radial distance mean and standard 
deviation, area ratio, orientation, eccentricity and moment invariants.
Ferrari et al. (Ferrari et al., 1999) investigated two groups of features: shape features, 
extracted from microcalcifications and texture feature extracted from the original regions of 
interest (ROl).
Using magnetic resonance imaging Gihuijs et al. (Gihuijs et al., 1998) found that benign 
masses were found to extend more along spherical patterns than malignant lesions, and the 
margins of benign masses were found to be clearer on average than the margins of malignant 
lesions. They found that some malignant lesions tend to be more irregularly shaped than 
benign masses. They concluded that other aspects may influence the specificity of diagnosis. 
Differences in hemodynamic characteristics of each patient as well as hormonal factors may
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cause variable enhancement. It is likely that the ability to distinguish between benign and 
malignant lesions will decrease for smaller tumour sizes (Gihuijs et al., 1998).
3.5.1 Compactness
According to Shen (Shen et al., 1994) the major signs of malignancy on mammograms 
include clustered calcifications, poorly defined masses, architectural distortion, developing 
density, asymmetry, and isolated dilated ducts. They proposed a set of shape factors for the 
analysis of calcifications in mammograms including measure of compactness, moments and 
Fourier descriptors, which provide quantitative measures of roughness of shapes. Of these 
parameters, compactness was used in this work for its intuitiveness and simplicity of 
calculation which is defined as
C  =  16
where p  is the perimeter of the mass and A is defined as the number of pixels that belong to 
the mass, such that shapes with rough boundaries will have larger values of C than simple 
shapes (Shen et al., 1992). Compactness was chosen as the shape parameter to be used for the 
present study.
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Chapter 4
4 Transmission Micro CT for Assessment of Sample Shape
One of the goals of this thesis is to find the capability of EDXRDCT to correctly reproduce 
shapes. In order to do that, the results from a transmission micro CT system as a “gold 
standard” for compactness measurements of known samples will be compared with the 
results of EDXRDCT. In this experimental chapter, samples of different shapes, sizes and 
materials were scanned using a micro CT system. The compactness value of any sample will 
be compared between the transmission micro CT system, which is the most accurate method 
for its great spatial reconstruction, and the EDXRDCT system which has a lower resolution. 
This is done in order to assess the ability of the EDXRDCT system to detect the shape of real 
tissue structures.
The shape assessment investigation was performed in the following steps:
1- Optimum scanning parameters (number of projections, beam parameters) for 
compactness measurements were tested on the transmitted micro CT unit with known 
shapes (circles).
2- These parameters were used to measure the compactness of the designed shapes to a 
high degree of accuracy.
3- Once the actual compactness of the designed shapes is known, it was measured using 
the poorer resolution of the EDXRDCT system to determine how it is degraded.
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4.1 Materials and method
The micro CT system consists of:
1- An X-ray source. Two different X-ray sources have been used in this project. The 
first one is a Hamamatsu L6731-01 micro-focus X-ray tube. The second one is an 
Oxford series 5000, Model XTF5011, 93069 X-ray source.
2- A flat panel detector read out with a frame grabber card, Hamamatsu C7942 flat- 
panel CMOS array detector with a Csl scintillator.
3- A computer-controlled rotational stepper motor sample stage (MiCos). Figure 19 
shows a picture of the system.
Sample stage
Source Detector
Figure 19: Transmission micro CT system.
4.1.1 Hamamatsu X-ray source
Table 2 shows the parameters of the Hamamatsu X-ray source that are relevant to this work. 
(HAMAMATSU, 1999)
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Table 2: Hamamatsu 80kV type L6731-01 microfocus X-ray tube parameters description (HAMAMATSU 
1999).
Parameter Description
Target voltage 20-80kV
Target current O-lOOpA
Focal spot size 8 pm
Window material Beryllium (150pmt)
Target material Tungsten
4.1.2 Oxford X-ray source
The Oxford (series 5000, Model XTF5011, 93069) is a side window X-ray tube. Table 3 
specifies some of the tube parameters. (Oxfordlnstruments, 2012)
Table 3: Oxford series 5000, Model XTF5011 X-ray tube parameters description (Instruments 2012).
Param eter Description
Target voltage 4-50kV
Target current 0-1.0mA
Focal spot size 47 pm
Window material Beryllium (125pmt)
Target material Molybdenum
4.1.3 Sample stage
A translational-rotational system was used for sample alignment and acquisition. The sample 
stage that is used is miCos VT-80 linear stage and DT-80 rotational stage. Table 4 describes 
some of both stages parameters (MICOS, 2008a; MICOS, 2008b). The sample was placed at 
a distance of 73.5 cm from the source.
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Table 4: MiCos VT-80 linear stage and DT-80 rotational stage specifications. (MICOS, 2008a; MICOS, 2008b)
Parameters VT-80 linear stage DT-80 rotational stage
Travel 50-100 mm 360°
Speed 20mm/s 45°/sec
Accuracy ±100pm/50mm ±0.04°
4.1.4 Flat panel detector
The Hamamatsu C7942 flat panel detector was used. It consists of a sensor (2400x2400 
pixels at a 50pm pitch) board and control board. The detector is equipped with a Csl 
columnar scintillator. The detector is read out using a frame grabber (National Instruments 
IMAQ PCI-1424) so that every image is obtained by integrating a certain number of frames. 
The frame grabber reads a frame from the detector every 0.5 second and several frames are 
integrated to form an image. Flat (without the sample in the X-ray field) and dark (when X- 
ray source is not operating) images are also acquired to correct the resultant images. Table 5 
shows the detector specifications. (HAMAMATSU, 2002)
Table 5: Hamamatsu C7942 flat panel sensor specifications. (HAMAMATSU 2002)
Param eter Description
Pixel size 50pm
Active area 120x120mm
Number of active pixels 
(horizontal X vertical)
2240x2368 pixels
Frame speed (single operation) 2 frame/s
Saturation charge 2.2 M electrons
Operating/Storage temperature 0-35°C/0-50°C
© Shyma Alkhateeb 2013
60
Transmission Micro CT for Assessment o f Sample Shape
Development o f a System for EDXRDCT o f breast tissue samples and phantoms
4.2 CT acquisition
CT acquisitions were performed using different parameters of kVp (30-60kVp), mA (100 
pA), number of steps per rotation (180-360) and number of frames per step (10-40) to find 
the best parameters that format a CT image in time. In each acquisition four flat and four dark 
images were acquired using the same parameters of number of frames and energy tube 
current in the case of the fiat image. After pre-processing of the raw data, a filtered back- 
projection CT reconstruction algorithm is used to produce the CT images.
4.3 CT reconstruction
Data was acquired using a LabView program for 360° projection of the image. For each 
projection the sample was shifted randomly side-ways to spread out any artifacts resulting 
from different pixel gains that completely corrected for with fiat field correction. All 
projections were corrected for the dark and flat field images: fiat field is an image without the 
sample between the source and the detector and dark field is an image without radiation to 
reduce any electronic noise.
r _ tacquired~^ dark
^corrected ~
The user selects a line to reconstruct a slice of the sample at certain height and the program 
builds a sinogram by extracting that line from each projection. All projections are corrected 
by sideways shift that was given to the sample in that position. Figure 20 shows a sinogram 
image.
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Figure 20; Image o f  a sinogram.
The signal in the acquired sinogram is given by the following equation
18
Were p: is the average attenuation coefficient and U is the average of the signal in the 
background.
According to Radon theory discussed in section 2.6 the program then reconstruct the 
sinogram by putting each line integral in a symmetrical position around 360° by filtered 
back-projection. The images were filtered using a gen-Hamming filter which is suitable when 
the data are noisy and there is no need for high spatial resolution. That is because it cuts high 
frequencies, which are associated to sharp variations in signal. On the other hand, its 
smoothing effect enhances the overall visibility of low-contrast details.
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4.4 Compactness calculation
Many parameters can be used to identify tissue shape in the reconstructed images. In this 
study it was decided to use compactness as defined in section 3.5.1, because of the simplicity 
of its calculation compared to other parameters.
The optimum acquisition parameters were initially identified using circular samples for 
which compactness is known. After that, more complex shapes were scanned to calculate 
their compactness and compare it with EDXRDCT findings.
An IDE program (Pani, 2012) was used to calculate the perimeter and the area of the shape 
for the cross section of the details inside the sample. In the program the user selects a 
smoothing kernel q to replace the value in each pixel with the average of an q x r; square 
centred around it. Then, an intensity range is selected for the region that needs to be analysed. 
For example, in Figure 21 (a) the region that needs to be emphasised is the small black detail 
in the sample. When taking a projection that is marked with the red arrow across the CT 
Figure 21 (b) formats according to the intensity in the region. After selecting a certain 
intensity range (in this example example 3 (a.u.) -5 (a.u.)) a binary image between 0 and 1 is 
created as shown in Figure 21 (c). The pixel is now segmented between the user-defined low 
and high thresholds.
rolection
Figure 21: Region selection in a CT projection.
Then the program finds the boundary around the selected cut threshold area using an edge- 
detection algorithm. This is done by examining each pixelwith value 1 in the segmented 
image. If at least one of the pixels around it is zero, then the pixel is an edge pixel. Once an
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initial boundry pixel has been found, thw program will then examine its neighbours following 
the search pattern shown in Figure 22. The procedure is repeated until the boundary is closed 
by encountering the first boundary pixel. The perimeter is calculated as the number of 
boundary pixels, and the area is the number of pixels with value 1.
Figure 22: Boundary finding direction.
4.4.1 Circular shape
In this section an initial study was done to identify the optimum CT scanning parameters for a 
reliable measurement of compactness. The parameters used to identify the shape compactness 
for a well-known circular geometry samples were then used to measure the compactness of 
unknown geometrical shapes.
An object with circular inserts was used in order to calculate its compactness. It consists of 
two cylinders of Delrin, 2mm and 4mm diameter, in a PTFE cylinder 7mm in diameter. 
Circle compactness is given by
circle compactness = = 4 ^  = 12.56 19
Since the cross section is circular, the calculated compactness of the images should be as 
close as possible to 47i and the optimum imaging parameters those giving the closest results 
to 471.
With reference to Figure 23, the smaller one was named piece 1, while the bigger circular 
insert in the images was named as piece 2.
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Figure 23: A cross section o f the reconstructed image.
Using the transmission micro CT system different parameters were changed. The 
following Figure 24 and Figure 25 show the effect of changing the parameters: Energy (kVp), 
number of projections and number of frames in each step on the value of compactness. Data 
with a lower number of projections were obtained by resampling a CT sinogram with 720 
projections.
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Figure 24: Compactness for piece 2 with different acquisition parameters.
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As seen in Figure 24 for pieee 2 (the 4mm diameter piece of Delrin in the sample), 
increasing the energy to 60 kVp gives a better value of compactness. This is because the flux 
on the sample is higher when increasing the energy, which produces less noisy images. At the 
same time, increasing the number of projections decreases the compactness value which 
increases the statistics and the correctness of shape reproduction. On the other hand, 
increasing the number of projections is very time consuming. As a compromise, it was 
decided to use 360 projections since at that level and beyond compactness value seems to 
maintain approximately the same value (see Figure 24).
Figure 25 shows the results from piece 1 (the 2mm diameter piece of Delrin in the 
sample). In both Figure 24 and Figure 25 the error bars represents the standard deviation of 
three compactness measurements, obtained by choosing different high and low boundaries for 
segmentation in the program for area and perimeter calculation. Changing the threshold gives 
different perimeters and areas of the shapes and therefore different compactness values. 
Increasing the number of frames and projections increases statistics and makes the images 
smoother. The fluctuation that can be observed within the (50 kVp, 10 frames) line can be 
attributed to both low statistics and flux.
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Figure 25: Compactness for piece 1 with different acquisition parameters.
66
© Shyma Alkhateeb 2013
Transmission Micro CT for Assessment of Sample Shape
Development of a System for EDXRDCT of breast tissue samples and phantoms
In Figure 24 and Figure 25, it can be seen that there is a difference in compactness 
value between the two piece sizes. The smaller piece tends to have a larger compactness 
value than the larger piece. This is because the noise on the edges of shapes affects the 
smaller shapes more than it affects the larger shapes. However, further smoothing of the 
image to filter out the noise would lead to losing the details of the shapes.
4.4.2 Objects with complex shapes
In order to simulate real tissues, which have non-smooth shapes, test objects made of PMMA 
was manufactured to be tested using EDXRDCT system. A sketch of the sample cross section 
is shown in Figure 26.
m m
PMMA
Figure 26; Spiculated PMMA sample cross section.
The sample was scanned using the micro CT system to calculate its compactness. 60kVp, 100 
pA, 180 steps per 180° and 20 frames per step are the parameters that were used to scan the 
sample based on the findings of section 4.4.1. Figure 27 shows the micro CT image of the 
sample.
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Figure 27: Micro CT image o f a spiculated PMMA sample.
The compactness was found to be 52.70 for the shape presented in Figure 27. This value will 
be set as a reference value for EDXRDCT imaging which will be discussed in section 6.5.2. 
Other test objects made from different materials (PMMA, PVC and nylon) were designed. 
These materials are specifically designed because their form factors, at specific values of 
momentum transfer function, have a contrast, against suitable background materials, close to 
that measurable between different tissue types. Thus will be discussed later in section 5.3. 
Figure 28 shows a 3-D view and a cross-section of the samples. The geometry of the samples 
can be described as a cylindrical shape of 0.5 cm base diameter, with 8 cylinders cropped 
from it is edge. Each of these cylinders is 0.2 cm in diameter. The compactness of these 
samples needs to be measured using the micro CT system rather than calculated from the 
geometry because manufacturing of them is not accurate enough.
68
© Shyma Alkhateeb 2013
Transmission Micro CT for Assessment of Sample Shape
Development of a System for EDXRDCT of breast tissue samples and phantoms
2mm '
__
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Figure 28: Design and cross section o f designed samples.
Each of the designed samples was scanned using the transmission micro CT system with 
60kVp, 100 pA and 20 frames per projection. The compactness was calculated from the 
reconstructed cross section of each of the samples and the results are presented in Figure 29.
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Figure 29; Compactness for the designed samples.
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It can be observed in the previous figure that, while the compactness for one sample is 
approximately constant, there are some differences in the compactness value between 
different samples. These differences result from inaccuracies in machining some plastic 
materials, in particular nylon. The difference can be observed more between the two nylon 
samples, which tend to melt near the drilling location. It can be observed that the 
compactness value for non-smooth samples is more constant than the circular shaped sample 
compactness values.
4.5 Summary and conclusion
This part of the work was aiming at measuring the compactness of samples to be scanned 
using EDXRDCT with a view to assessing image degradation caused by the poorer resolution 
of EDXRDCT. This was done by using a transmission micro CT system. The optimum 
scanning parameters were identified as a compromise between accuracy of shape and 
acquisition time. The following conclusion can be drawn:
1- Increasing the Energy from 50-60kVp gives better compactness value. This is because 
increasing the energy to 50-60kVp increase the probability of the number of photons 
that interacts with the materials and reduce statistical noise.
2- With compromising for time, the closer experimental compactness value to the 
theoretical value was reached in both pieces with the following parameters: 60kVp, 
100 pA, 180 steps per rotation, and 20 frames in each step.
The compactness of samples with more complex shapes will be compared to that measured 
from EDXRDCT images.
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Chapter 5
5 EDXRD with a Single Point Detector
In this chapter samples of different materials will be imaged using a single point detector to 
calculate diffraction contrast between them. Samples with different details were scanned to 
test the system spatial resolution and to calculate details compactness.
5.1 Materials and method
The energy dispersive X-ray diffraction (EDXRD) system used for this purpose was based on 
a conventional X-ray source MXR-225/22 operated at 70kVp and 30mA. The energy was 
chosen in order to avoid the K-shell characteristic lines of tungsten (Ka=58.5 keV and 
Kp=67.4 keV). The primary collimator consisted of a I mm hole diameter in a I cm thick 
brass block. It is placed before the sample to limit the divergence of the incident X-ray beam. 
The 1mm primary collimator was chosen as a good compromise between energy resolution 
and statistics (Abdelkader, 2013). A CdTe detector (Amptek XR-IOO) with a sensitive area of 
3x3 mm^ (AMPTEK 2011) was used and a conventional spectroscopic chain. Different types 
of scatter collimators were used to select X-ray scattered at 6° (Kidane G 1999) (Geraki & et 
al., 2004) (Changizi et al., 2008) (Pani S., 2010):
I- A 6° conical collimator consisting of a brass block of dimensions 30 mm x30 mm x 
30 mm with a truncated conical core insert of dimensions 14.1 mm (small base 
diameter), 19.9 mm (large base diameter) (Figure 30). The conical insert is located co­
axially within the collimator body with a gap size of 1.6 mm obtained by placing 
metallic wires at different positions around the insert. Due to the small size of the
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detector used, it was placed to one side of the collimator, to collect data from a small 
arc circle as opposed to the full ring allowed by the collimator. (Abdelkader et al., 
2012)
28.62 mm
Gap separation
Conical core 
insert
Collimator
Figure 30: Conical collimator sketch.
2- A scatter collimator with a hole of 1.4 mm diameter drilled at an angle of 6° in a brass 
block of thickness 10 mm. The centre of the sample scattering volume is the 
intersection between the primary beam and the axis of the scatter collimator. It was 
determined by scanning a thin plastic sample along the beam axis and identifying the 
position that got the highest count rate. In this case it was found to be at 176 mm from 
scatter collimator face (See Figure 31).
Scatter
collimator
Sample
D.
■ D
Primary
collimator
Source
Figure 31 : A schematic drawing represents the cenetre o f scatter volume as a shaded area.
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The sample must be entirely contained within the scattering volume because the aim of the 
final CT system is to collect line integrals of scattered radiation and then perform a CT 
reconstruction, as opposed to the voxel approach used by (Cemik et al., 2008; Harding et al., 
1990). The sample is held on a translation-rotation stage VT-80 and DT-80 (MICOS, 2008a; 
MICOS, 2008b) that allows acquisition in a first generation CT geometry. First generation 
diffraction CT with a pencil beam and a pin-hole detector measures the X-ray diffracted from 
the sample at different positions using the sample stage to move the sample in a direction 
orthogonal to the primary beam. Once the scan is completed the sample is rotated and the 
next projection is acquired. A CT image is reconstructed for each spectral component 
applying filtered backprojection to the data acquired at each angle. Figure 32 shows a 
schematic diagram of the experimental setup.
shielding
window
Diffracting
Secondary
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Scattered
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CdTe
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collimatorSam ple stand
Figure 32: Experimental setup o f the X-ray diffraction system.
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5.1.1 MXR225/22 X-ray source
The COMET Unipolar Metal Ceramic tubes comprises of dual focal spot, a tungsten anode 
and a directional beam (COMET, 2010). Table 6 describes some of the X-ray tube 
parameters.
Table 6: MXR225/22 X-ray tube specifications. (COMET 2010)
Parameter Description
Nominal tube voltage 225 kV
Target material Tungsten
Inherent filtration 0.8 mm Be
5.1.2 Single point CdTe detector
CdTe detector has a high average atomic number (50) and high density (6.29 g/cm^) which 
imply high absorption efficiency. In addition, it has a large band gap (1.45 eV at 300 K) 
which makes room temperature operation possible (Harris Karl A . , 1996). Unlike most other 
solid state detector materials, CdTe detectors can be operated at room temperature (Mori et 
al., 2001 ; Redus et al., 2009).
The detector used for this experiment (Amptek Model XR-lOOT-CdTe) is an X-ray and 
gamma ray detector, preamplifier, and cooler system that detects energies from a few keV to 
several hundreds of keV (AMPTEK, 2011). Table 7 summaries some of the detector 
parameters.
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Table 7: XR-lOOT-CdTe detector specifications. (AMPTEK 2011)
Parameter Description
Detector areas 3 x 3  mm (9 mm^), 5 x 5  mm (25 mm"^ )
Detector thickness 1 mm
Energy resolution @ 122 keV, ^^Co 9 mm^: <1.2 keV FWHM, typical
Dark counts <5 X 10'  ^counts/sec @ 10 keV < E < 1 MeV
Detector window Be, 4 mil thick (100 pm)
X-rays interact with CdTe atoms to create an average of one electron/hole pair for 
every 4.43 eV of energy lost in the CdTe. Depending on the energy of the incoming radiation, 
this energy loss is dominated by either the photoelectric effect or Compton scattering. The 
probability or efficiency of the detector to "stop" the incoming radiation and create 
electron/hole pairs increases with the thickness of CdTe. (Miyajima, 2003)
The detector was first calibrated using a Variable Energy X-ray source (VEX source) to 
define the relationship between channel number and Energy (keV). Figure 33 shows the 
calibration line and its equation.
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Figure 33: CdTe detector calibration line showing the calibration equation.
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A caffeine sample was used to verify the actual scatter angle. The diffraction pattern 
of caffeine has peaks at 0.66 nm'^ and 1.50 nm'^ (JCPDS, 1997). Using this information, the 
angle of the diffracted X-ray was calculated using the following equation
%{nm )^ = Q.^O6xE{keV)sm{0/2) 20
The following Table 8 shows the results of the detected angle using the caffeine calibration 
sample. The values were obtained by placing the detector to the left and right side of the cone 
shaped collimator. Using the JCPDS database to find the theoretical value of caffeine peaks 
momentum transfer, the collimator angle was calculated (JCPDS, 1997).
Table 8: Calculations o f  the detected diffracted angle.
Left Right
X  (nm'i) 
(theoretical)
Channel
number
E (keV) e
(deg)
Channel
number
E(keV) e
(deg)
0.66 1405 15.70 5.97 1408 15.73 5.96
1.50 3111 34.64 6.16 3111 34.64 6.16
At a certain momentum transfer value, the value of the collimator angle is consistent 
from both right and left. However at the two momentum transfer values for caffeine peaks 
collimator angle is different by 3%.
5.2 Identification of materials
The aim of this section is to look for materials that could be used to build an object that 
reproduces the contrast between different breast tissue types (healthy and diseased) in 
diffraction modality. Diffraction pattern of different uniform materials were obtained using 
the X-ray diffraction system. The materials are: Araldite (epoxy glue) with different 
moulding strength, soft and strong glue stick (Office Depot, Item 1222789), eraser, silicone, 
wax, water, nylon. Perspex and PVC. Lamb fat and muscles were also examined as a 
reference materials.
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Raw acquired spectra were corrected as follows:
• converting the channel number to momentum transfer ( % ) using the 
calibration equation and equation 9 respectively from section 3.2.1,
• subtraction of background radiation (i.e. the spectrum measured in the absence 
of the sample but with all other scatter conditions the same),
• normalisation by number of counts per second for acquisition times that
ranges between 4 and 10 minutes,
• normalisation of all diffraction patterns to the maximum value recorded across 
the set of samples, and
• smoothing of the curves by taking the running average value of 10 sequential
channels.
The diffraction patterns of soft and 23-hours cured araldite were compared. As shown in 
Figure 34 it was found that the diffraction patterns of soft and solid araldite are the same, so 
an araldite phantom could be used immediately after assembling without waiting for it to 
cure. The minus intensity in the curves is caused by background subtraction.
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0.5
0.4
— so ft araldite
0.3
" — strong araldite
0.1
0.5 2.51.5
X(nm q
3.5
- 0.1
Figure 34; Soft and hard araldite diffraction peak.
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On the other hand, it was found that the diffraction pattern of soft and strong (after 23-hours) 
glue stick changes according to its solidity. Strong glues tick seems to achieve a more ordered 
structure and give defined higher peak. Figure 35 shows the difference. The first high 
intrnsity and sharp signal is caused by detector electronic noise while the next peaks are 
caused by L-lines of tungsten.
0.25 -1
strong glue stick  
so ft glue stick
Ç 0.05 -
1 1.5 2 2.5 3
X(nm^)
-0.05 -J
Figure 35; Soft and hard glue stick diffraction pattern.
The diffraction patterns from all materials were plotted in Figure 36 and Figure 37, for 
comparison.
78
© Shyma Alkhateeb 2013
EDXRD with a Single Point Detector
Development o f a System for EDXRDCT of breast tissue samples and phantoms
1
wax0.9
0.8 glue stick
0.7
silicone
0.6
w ater
0.5
araldite0.4
0.3
0.2
0.1
0
0 0.5 1.5 2 2.5 31 3.5 4
X(nm
Figure 36: Uniform samples diffraction pattern.
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Figure 37: Uniform samples diffraction pattern.
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Figure 38 shows the diffraction pattern of slices of 2.2 mm lamb fat and 2 mm muscle. The 
slices were placed in a hanging metal holder for which the diffraction pattern was subtracted 
from the diffraction calculation as a background. The first sharp peaks in Figure 38 are 
caused by tungsten L-shells.
0.35 n
0.3
0.25
— —  lamb fat
a 0.15
lamb m uscle
0.1
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0 0.5 1 1.5 2 2.5 3
X(nm
Figure 38: Diffraction patterns from lamb fat and muscle.
Figure 39 and Figure 40 show comparison between experimental results for water and lamb 
fat normalised by the spectral shape of the beam (to have the same peak height) with the 
results by Poletti et al. (2001).
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Figure 39: Comparing water diffraction pattern with Poletti et al. (2001).
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Figure 40: Comparing fat diffraction pattern with Poletti et al. (2001)
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Figure 39 and Figure 40 show how the peaks positions are comparable. The 
discrepancies are related to the differences in angular resolution of the two systems. These 
differences affect more the sharper peaks in the diffraction pattern of adipose tissue than the 
broader features of the diffraction pattern of water. As the next part of the work refers to 
contrast (i.e., relative differences in signal) between different samples at certain values of 
momentum transfer, the following measurements were not corrected for incident spectral 
shape.
5.3 Contrast calculation
The visibility of a detail against its background is calculated using contrast. Contrast is 
defined in section 2.5.1 using equation 9.
In order to build a phantom that simulates accurately the properties of tissue, contrast was 
calculated between different combinations of tissue types at the two momentum transfer 
components carrying most information, i.e. 1.1 nm'^ and 1.6 nm'^ based on the data published 
in (Kidane G 1999; Peplow & Verghese, 1998; Poletti et al., 2001).
Table 11 shows the results of contrast calculation of real tissue from Table 9 results in 
(Poletti et al., 2001) and Figure 41 from (Oliveira OR, 2008 ). Based on this information, 
pairs of materials with similar phantom values of contrast for the same momentum transfer 
values were identified from experimental data.
82
© Shyma Alkhateeb 2013
EDXRD with a Single Point Detector
Development o f a System for EDXRDCT of breast tissue samples and phantoms
1.0
08
3  0.6
04
02
0-0
T ' T  ' r
Adipose Tissue 
GlanduliU' Tissue 
Benign Tissue 
Maliananl Tissue
I \i%
I % ....-,
F \
! ' t
0.0 0.1 0.2 0.3 0.4 0.5
; -1
0.6
A (A")
Figure 41; Mean scattering profile o f samples with different histological classification. (Oliveira OR, 2008 )
Table 9; contrasts between real tissues. (Poletti et al., 2001)
Contrast calculation 
between 1.1 nm * 1.6 nm *
adipose & glandular 0.47 029
adipose & benign 0.73 029
adipose & malignant 0.73 0.35
glandular & benign 0.24 0.11
glandular & malignant 0.24 0.18
benign & malignant 0 0.08
The contrast between all the materials examined using X-ray diffraction system was 
calculated. The average of 11 values of intensity around 1.1 nm ' and 1.6 nm'' was taken for 
each material and the contrast between paired materials was calculated. The results are shown 
in Table 10.
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Table 10: Contrast calculations between different materials.
contrast
calculation
between 1.1 nm * 1.6 nm *
nylon & wax 0.374=0.04 0.694=0.07
nylon & glue stick 0.54±0.03 0.24=t0.05
nylon and silicone 0.77±0.04 0.614=0.07
nylon & water 0.824=0.04 0.404=0.04
nylon & araldite 0.054=0.04 0.344:0.06
nylon & eraser 0.82=t0.04 0.71=t0.02
nylon & PMMA 0.43±0.03 0.30±0.04
nylon & PVC 0.69=t0.04 0.39=t0.07
glue stick & wax 0.28=t0.04 0.59=t0.05
glue stick & 
silicone 0.494=0.03 0.484=0.07
glue stick & water 0.604=0.03 0.544=0.03
glue stick & 
araldite 0.574=0.04 0.504=0.06
glue stick & eraser 0.61=b0.04 0.78=t0.02
glue stick & PVC 0.334=0.03 0.534=0.06
PMMA & Wax 0.104:0.04 0.784=0.03
PMMA & glue 
stick 0.194=0.03 0.46±0.02
PMMA and 
silicone 0.594=0.03 0.724:0.04
PMMA & water 0.684=0.03 0.154:0.03
PMMA and 
araldite 0.46±0.04 0.064:0.05
PMMA & eraser 0.68=h0.03 0.594=0.02
PMMA & PVC 0.464:0.03 0.134:0.06
water & wax 0.714=0.04 0.814:0.04
water & silicone 0.224=0.04 0.764=0.04
water & araldite 0.834=0.04 0.104=0.05
water & eraser 0=t0.06 0.524=0.02
water & PVC 0.414:0.04 0.024=0.06
wax & araldite 0.404=0.04 0.804:0.07
wax & eraser 0.714:0.04 0.9U0.02
wax & PVC 0.524=0.04 0.814:0.07
silicone & wax 0.634=0.26 0.21±0.14
silicone & araldite 0.78±0.04 0.744=0.07
silicone & eraser 0.234=0.05 0.89=t0.03
silicone & PVC 0.234=0.04 0.764=0.07
araldite & eraser 0.834:0.04 0.564:0.03
araldite & PVC 0.714=0.04 0.07±0.07
eraser & PVC 0.414=0.11 0.534=0.34
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From the contrast calculations on the uniform samples diffraction patterns, appropriate 
combinations of materials were identified reproducing samples of different materials. This 
step is the beginning for phantom building to simulate the contrast between breast tissues. 
Figure 42 shows the combination of materials that simulate normal and lesion breast tissue at 
the two significant momentum transfer function (1.1 nm-1 and 1.6 nm-1). The data are also 
reported in Table 11 for ease of interpretation.
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Figure 42: Materials that simulate the contrast o f (a) adipose and malignant tissue, (b) adipose and glandular 
tissue, (c) glandular and malignant tissue, (d) glandular and benign tissue and (e) adipose and benign tissue at 
the two significant momentum transfer function values. The position o f  contrast values are spread around l.lnm"
* and 1.6nm'* for better visualisation only.
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Table 11 shows the materials that simulate real tissue contrast which is resultant from 
comparing contrast between real tissue in Table 9 and materials in Table 10 within a ±0.05 
allowance.
Table 11 : Materials that simulate real tissue contrast.
Real tissue Materials to be combined in a designed sample
1.1 nm * 1.6 nm *
Adipose and Glandular PMMA and Araldite 
Glue stick and Silicone 
Nylon and PMMA 
PMMA and PVC 
Glue stick and Eraser 
Wax and PVC
Nylon and PMMA 
Nylon and Glue stick
Adipose and Benign Nylon and Silicone 
Nylon and PVC 
PMMA and water 
PMMA and eraser 
Water and wax 
Silicone and Araldite 
Wax and eraser 
Araldite and PVC
Adipose and Malignant Nylon and PVC 
Nylon and araldite
Glandular and Benign PMMA and Glue stick 
Glue stick and wax 
Silicone and Eraser 
Silicone and PVC
Araldite and PVC
Glandular and Malignant Silicone and wax 
Water and PVC 
PMMA and PVC 
PMMA and Araldite
From Table 11, it can be observed that some materials have similar contrasts. This is 
because the diffraction pattern for benign and malignant breast tissue are close to those for
87
© Shyma Alkhateeb 2013
EDXRDCT of Samples with a Pixellated Spectroscopic Detector
Development o f a System for EDXRDCT o f breast tissue samples and phantoms
glandular tissue, and consequently for water (Oliveira OR, 2008 ) as shown in Figure 41. For 
that two momentum transfer functions values (1.1 nm'^ and 1.6 nm'^) will be taken into 
consideration in all future works.
5.4 Detection of small details
In this experiment two different sets of samples were scanned using the EDXRD 
system using the CdTe detector and the hole scatter collimator to reproduce the size of details 
and the contrast between adipose and glandular tissue and between adipose and benign tissue.
The first set of samples is made of three Perspex cylinders, 8 mm in diameter and 12 
mm in length. Each of the samples contains a cylindrical Epoxy Araldite insert on the centre 
of 2 mm, 1 mm and 0.5 mm diameter respectively and 5 mm length, to simulate the contrast 
between adipose and glandular tissue at l.lnm'^ (Alkhateeb et al., 2012). The second set of 
samples is made of a set of three Nylon cylinders, 8mm diameter and 12 mm length. Each of 
the samples contains a cylindrical Silicone insert on the centre of 2, 1 and 0.5 mm diameter 
respectively and 5 mm length, to simulate the contract between adipose and benign tissue at 
l.lnm'^ (Alkhateeb et al., 2012). Figure 43 show the diffraction spectrum of a) PMMA and 
araldite b) Nylon and Silicone, the solid line at l.lnm'^ shows the position where the contrast 
between sample components simulates real tissue contrast. The samples were designed with a 
cylindrical symmetry, to minimise the rotational scanning procedure time that is required to 
acquire a CT image. For this preliminary test, instead of acquiring separate CT projections, 
the cylindrical symmetry of the samples allowed a single projection to be acquired and then 
replicated.
8 8
© Shyma Alkhateeb 2013
EDXRDCT of Samples with a Pixellated Spectroscopic Detector
Development of a System for EDXRDCT of breast tissue samples and phantoms
0.7
3 0.5 P M M A
a r a l d i t e
. ^ 0 .310
- 0.1
7 0 . 8  
.2  0.6 
I  0.4
a  0.2 
“  0
I — Nylon 
L j k   s i l i cone
X(nm-l)
0 1 2 
X (nm-1)
Figure 43: Spectra o f the materials used for the samples. The solid vertical line demonstrates the point in which
the contrast was calculated.
Collimator hole is 1.4 mm, therefore in order to increase the statistics smaller step size was 
chosen. On the other hand optimise of scan time to be within an hour was required specially 
because the samples were symmetrical. The samples were scanned in 22 steps with 0.5 mm 
distance between them for 3min/step. A spectrum was acquired for each sample at each step 
of the scan. The spectra were calibrated using the calibration equation to convert the channel 
number to momentum transfer. The background was calculated and subtracted from every 
spectrum according to the live capture time of that spectrum. Using an IDL reconstruction 
program spectra were combined and reconstructed to make a CT image of the samples for 90 
projections. The CT images were then analysed using Imaged program (Rasband, 2006). For 
the easy of description the samples were numbered as stated in Table 12. Figure 44 shows the 
EDXRDCT images of samples 1,2 and 3 respectively.
Table 12: Samples nomenclature.
set Sample components 
Outer shell + filling
Filling diam eter
2 mm 1 mm 0.5 mm
1 PMMA + Epoxy Araldite 1 2 3
2 Nylon + silicone 16 17 18
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Figure 44; EDXRDCT images o f samples 1,2 and 3 at 1.1 nm"'.
Figure 45 shows the EDXRDCT images for the second set of samples. It is also 
recognised how details size affects the contrast. Details down to 0.5 mm in diameter are not 
visible.
r r
L
Figure 45: EDXRDCT images o f samples 16, 17 and 18 at 1.1 nm '.
A profile of the central lines of the images shown in Figure 44 is plotted in Figure 46. 
Details down to 0.5mm in diameter are still visible. Although when reducing the detail size 
close to the scanning step the contrast is reduced. However a system spatial resolution 
affected the contrast of the samples with small detail size. The contrast between the signal at 
steps 3mm and 5.5mm and between the steps at 5.5mm and 8mm was calculated using 
equation 9 in section 2.5.1.
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Figure 46; Central profile o f the EDXRDCT images for samples 1, 2 and 3.
A profile of the central stripes of the images shown in Figure 45 is plotted in
Figure 47. The contrast between the signal at steps 2.5 mm and 5.5 mm and between 
the steps 5.5 mm and 8.5 mm is calculated using equation 9.
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Figure 47: Central profile spectrum o f  the EDXRDCT images for samples 16, 17 and 18.
Table 13 shows a comparison of contrast values with published data (Alkhateeb et al., 2012). 
The measured contrast values are not reliable in the case of small details sizes due to the 
effect of blurring.
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Table 13; Comparison between contrast values at 1.1 nm'
Published Data Current results. Detail size
Real 
tissue 
(Poletti et 
al., 2001)
Samples 
(Alkhateeb 
et al., 2012)
2 mm 1 mm 0.5 mm
PMMA and Araldite simulating 
Adipose and glandular
0.47 0.46 ± 0.04 0.154=0.36 0.15=t0.36 0.084=0.36
Nylon and Silicone simulating 
Adipose and Benign
0.73 0.77 ± 0.04 0.60=t0.56 0.23=t0.56 0.114:0.56
Contrast values in this study are not comparable to published data. The samples in this 
study were filled manually by hand, and this might have formed air bubbles, which makes 
contrast values not consistent nor reliable. More importantly, the poor spatial resolution of 
the system caused blurring to the signal and loss of contrast and spatial information. This will 
be addressed with an improved system in the next chapters.
5.5 Summary and conclusion
This chapter aimed at using a single point EDXRD system to measure diffraction from 
materials for simulating breast tissues. Pairs of material representing the contrast between 
different breast tissues at significant values of momentum transfer were identified. According 
to these results, breast equivalent test objects were built.
A preliminary EDXRDCT system was built, based on a first- generation CT geometry. 
Samples with a cylindrical symmetry were tested showing that the spatial resolution of the 
system is insufficient to detect details smaller than 2 mm in diameter.
This will be addressed in the next chapter, were the results from a pixelated spectroscopic 
detector with a multi-hole collimator will be shown.
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Chapter 6
6 EDXRDCT of Samples with a Pixellated Spectroscopic 
Detector
In order to optimise the EDXRDCT system to calculate compactness, different samples were 
scanned. Initially, as shown in chapter 5, symmetrical samples were scanned for preliminary 
investigations using a pinhole CdTe detector and first generation CT geometry. Then uniform 
and spiculated samples were scanned using a pixellated CdTe detector (HEXITEC). That is to 
find the capability of the system to show contrast between details and to measure 
compactness which will be compared with micro CT system compactness values.
6.1 Pixellated CdTe detector (HEXITEC)
HEXITEC is a pixelated CdTe detector with spectroscopic capability. CdTe is an appealing 
material for X-ray detectors. Due to its high atomic number, allowing high efficiency, and its 
large band gap compared to germanium, which allows room temperature opertation. 
Significant progress in technologies of crystal growth has made detectors based on CdTe and 
cadmium-zinc-telluride (CZT) are now available. However, uniform portions of single crystal 
in large (>10mm^) CZT are difficult to achieve. The main challenge is controlling the 
mobility and carrier lifetime within the whole wafer. On the other hand, CdTe can provide a 
single crystal as large as 40 mm x 40 mm. (Gonuki et al., 2004)
A pixel detector has a number of small pixel electrodes on one side. The signal from each 
pixel is processed with a charge-sensitive amplifier and on chip pulse shaper. (Gonuki et al., 
2004; Watanabe et al., 2009)
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The detector used in this project is a 1 mm thick Schottky anode CdTe detector manufactured 
by ACRORAD (Watanabe et ah, 2009). Figure 48 shows a front image of the detector. It 
consists of an 80 x 80 array with a pixel pitch of 250 pm. Each pixel is connected to an 
energy resolution channel on an application specific integrated circuit (ASIC) using gold 
studs and low temperature curing silver epoxy (Castilla et al., 2008). Each channel in the 
ASIC contains a charge pre-amplifier, a shaping amplifier and a peak hold circuit (Wilson et 
al., 2010). When a photon is detected in the CdTe, it generates electron-hole pairs that drift in 
opposite directions due to the electric field generated by the bias applied across the detector. 
The charge induced on the pixel is directly proportional to the photon energy as the number 
of electron-hole pairs is directly proportional to the energy of the detected photon. The 
induced charge is converted into an analogue voltage pulse and amplified in the pre-amplifier 
in the pixel electronics. The voltage pulse is shaped in a two-stage shaper with a time 
constant of 2 ms to minimise the noise and to allow the peak hold circuit to measure the 
voltage peak height with the highest accuracy. The height of the voltage pulse is directly 
proportional to the charge induced on the pixel and therefore to the energy of the photon. 
(Scuffham et al., 2012)
Sensitive area 
consists of 
80x80 pixels
Figure 48; A front image o f the HEXITEC detector.
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For this work the detector was biased at -500V and held at constant temperature of 14°C for 
the exposure time. The bias resets to OV for 4s every 60s to avoid polarisation of the detector. 
A dehumidifier was used to reduce air humidity inside the detector box to prevent moisture 
formation. A humidity sensor is inserted inside the detector box and monitored at all times to 
keep the box when shielded with less than 20% relative humidity. (Seino et al., 2008; Seller 
et al., 2011)
6.2 Materials and method
Figure 49 shows a diagram of the setup.
Shielding
Scatter Scattered 
collimator beam
HEXITEC
Detector
Fan
collimatorSample
Beam
Rotational, translational
Imm X-ray 
primary S^nerator
sample Stand
Figure 49: EDXRDCT system using fan collimator, multi angle scatter collimator and HEXITEC detector.
(Alkhateeb et al., 2013)
The primary collimator was positioned at 87 cm from the source it is a slit collimator with slit 
hole of 1 mm x 16 mm dimension. The scatter collimator consists of 19 holes (0.5 mmxQ.5 
mm) with 0.5 mm distance between them, each of which with different angle to trace the rays 
coming through the primary collimator and the sample (See Figure 50). A beam trace 
diagram is drawn in Figure 51 to illustrate the angles and dimensions of the system. The 
detector with the scatter collimator attached to it is tilted 8° as this was the angle that gave the 
highest resolution when tested the system using caffeine, as illustrated in Figure 52. 
(Abdelkader, 2013)
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Figure 50: A close look to the primary collimator and scatter collimator that is attached to the detector.
8=0.50: 
0=0 .45""--—
 .....
 ........
0= o .28C :; 
0= 0 -22" - .............
0=0.17°.........
0= 0 . 11° ................
0—0.00""....
Central hole................ -
Scatter collimator
Primary fan
imator
source
40.5 cm
100 cm
Figure 51: Beam trace diagram of the EDXRDCT system using HEXITEC detector and a fan collimator. The
drawing is not to scale.
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Figure 52: The scattering spectra for 1.3 mm thickness o f caffeine. (Abdelkader, 2013)
It is noticeable from Figure 52 that the first peaks in the spectrums have approximately the 
same heights while the second peaks are not that is because the spectrum is corrected by the 
incident beam. Moreover, smaller angular resolution is achieved with increasing the angle as 
seen in the first peaks.
The detector was first calibrated using a variable energy X-ray source (based on Americium- 
241 radionuclide emitting 59.54 keV gamma rays and a selection of metal targets to produce 
X-ray fluorescence) to determine the relationship between channel number and photon 
energy (in keV). Least-squared fitting confirmed a linear response of the system (See Figure 
53).
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Figure 53; HEXITEC calibration.
6.2 System alignment
System alignment was performed in two stages. In the first stage, the primary and diffraction 
collimator are aligned to each other. This stage is divided into two parts. In the first part, the 
primary collimator is aligned to the axis of the un-collimated beam, and the detector position 
is adjusted until the footprint of the primary (collimated) beam falls onto the middle of the 
detector giving rise to an image (a) in Figure 54. The coordinate of the central pixel in the slit 
image is recorded.
In the second part, the scatter collimator is aligned to the primary beam. This is done by 
initially removing the primary collimator, putting the scatter collimator in place with the 
detector in a fixed position, and adjusting the detector position until its footprint is recorded 
on the detector to be aligned with the footprint of the primary collimated beam (see Figure 54
(b)).
This stage comprises a rotational adjustment of the detector. The primary collimator is 
replaced and the detector and collimator system is rotated until the footprint of the primary 
beam across individual scatter collimator holes is maximised. At this point the system is 
assumed to be aligned.
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Figure 54: Radiation footprint on the detector with (a) primary collimator only, (b) scatter collimator in place
and (c) after tilting the detector to 8°.
The detector is tilted to 8° scatter angle. Its height is then adjusted until scattered photons 
from a uniform sample are detected. Figure 54 (c) shows an example. A eaffeine sample was 
used to verify the actual scatter angle. The diffraction pattern of caffeine has well-defined 
peaks at 0.66 nm'^ and 1.5 nm’'(JCPDS, 1997). Using this information, the momentum 
transfer for a particular photon energy and angle of the diffracted X-rays was calculated using 
equation 18. In this case it was found to be 8.08°±0.30°. Figure 55 shows an example of 
caffeine spectrum obtained by summing the spectra from all pixels.
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Figure 55: Caffeine spectrum modulated by X-ray source spectral shape.
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The sample optimum position (the intersection between the beam plane and the plane 
containing the collimator holes) is identified by scanning the sample along the beam axis 
until a maximum in the number of detected photons is found. This is found to have a 
maximum detection in the range between 29 mm to 36 mm from the scattering collimator 
face.
6.3 Cross-talk between scatter collimator holes
A thin plastic rod of 1 mm width and 1 mm thickness was scanned across scatter collimator 
holes to assess the level of signal contamination with neighbouring holes. The plastic rod was 
scanned in 20 steps of 1 mm step size each consists of 10 minutes acquisition time positioned 
31 mm away from detector face. After background subtraction and corrections for different 
hole sensitivity Figure 56 shows the signal behind each collimator hole for different positions 
of the rod.
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Figure 56: Footprint o f scanning a Immxlmm thin plastic rod in front o f the scatter collimator.
Figure 56 shows that only the nearest neighbours of each hole are affected by the presence of 
the sample. However this effect may be more important when imaging thicker samples. It can 
be observed that the last two holes have non-neglected counts for all positions of the rods.
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This was believed to result from incomplete shielding/scattering from the environment. 
Consequently, the signal from this hole will not be considered in all further studies. This 
makes the effective field of view approximately 17 mm wide. For all other holes, the pixel 
content in each hole is summed channel by channel so that from every hole a spectrum is 
obtained with a number of elements equal to the number of spectral channels.
6.4 Image acquisition and reconstruction
Samples were scanned using the EDXRDCT system described in section 6.2 using the X-ray 
source operated at 70 kVp and 20 mA and with detector bias refresh of 2 seconds every 120 
seconds. The sample was mounted over the sample rotational translational stage at a distance 
of 28 mm from the scatter collimator holes. It was placed slightly off-centre from the centre 
of rotation to prevent any reconstruction ring artefacts from altering the visibility of details by 
masking the circular structures in the objects. A ring artefact is a high frequency component 
of the signal that causes brightness around the centre of the image which is caused by in 
complete correction for pixel response. The scanning was done with 360 projections every 
0.5°. Four acquisitions were done by moving the sample sideways by 250 pm to improve the 
spatial resolution. Each projection was acquired for 20 seconds.
Reconstruction of the 4 steps acquisition was done after background subtraction and 
normalisation to correct for different hole response. This is done by acquiring a mask image 
of a sheet of homogeneous phantom (6 mm thick polyethylene) at the same position from the 
collimator as the sample.
The sinograms have now three dimensions: The x-dimension describes the position of the 
pixel horizontally, y-dimension that describes the position of the pixel vertically and the z- 
dimension gives the momentum transfer value of that pixel. Each section parallel to the xy- 
plane represents a sinogram at a specific value of momentum transfer. The sinogram 
component in this case is illustrated in Figure 57.
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Sinograms are reconstructed individually using filtered back projection with a gen-Hamming 
filter and the reconstructed images are “stacked up. Gen-hamming filter was used because it 
is suitable when the data are noisy and its smoothing effect enhances the overall visibility of 
low-contrast details. The diffraction pattern for a user-selected region in the reconstructed 
image is obtained by measuring for each spectral component the average signal across that 
region.
X
y
Figure 57: Sinogram component in EDXRDCT o f  samples with HEXITEC.
6.4.1 Circular-shaped samples
A samples of two different materials was chosen depending on their published contrast values 
(Alkhateeb et al., 2012) to calculate their contrast using the EDXRDCT with HEXITEC 
detector. This sample is made of a PMMA cylindrical outer-shell of 8 mm diameter and 12 
mm length with a cylindrical insertion of araldite in its centre of 2 mm diameter and 5 mm 
length. PMMA and araldite simulates adipose and glandular tissues at 1.1 nm'L
The result of this scan was a CT image shown in Figure 58 by (a) integrating all channels and 
(b) integrating channels around the diffraction pattern of PMMA peak (0.7 nm'*- 1 nm'*). 
Areas in the CT image can be selected to find its diffraction patterns using an IDE routine. 
Figure 59 shows the diffraction spectra of both PMMA and araldite extracted from the 
EDXRDCT image after smoothing and normalising to the maximum value.
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Figure 58: EDXRDCT image o f  a smooth 8 mm diameter PMMA sample with 2 mm diameter araldite detail a) 
integrating the channels around the diffraction pattern o f PMMA b) integrating all channels.
Bright artefacts in the centre of both images are noticed that corresponds to the centre of 
rotation high intensity. Ring artefacts are also visible in the images which is attributed to 
none- perfect normalisation of hole intensity.
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Figure 59: Diffraction pattern o f  PMMA and araldite extracted from EDXRDCT image in Figure 58.
Despite the smoothing of 10 consequent values that was applied to the spectra it is observed 
form Figure 59 the high fluctuation which can be attributed to small sample area that was
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chosen to find the diffraction pattern. This resulted to low statistics in PMMA and araldite 
spectra. The negative values that occurred in the diffraction pattern of araldite can be 
attributed to noise in the reconstruction. However peak positions of both PMMA and araldite 
comply with raw materials peak position presented in section 5.2 results.
Contrast between PMMA and araldite at l.lnm'^ was calculated using equation 9. The result 
is represented in Table 14 and compared with published data represented in chapter 5 
(Alkhateeb et al., 2012). Contrast between PMMA and araldite at 1.1 nm"  ^ in the current 
experiment is 0.23 ± 0.04. The main cause of this discrepancy is the large noise fluctuations, 
as well as the ring artefacts from image reconstruction.
Table 14: Contrast between PMMA and araldite at l.lnm'* using EDXRDCT system.
Contrast value between Real tissue Raw materials using 
pinhole CdTe detector
CT using pixelated 
detector
PMMA and araldite simulating
Adipose and glandular
0A7 0.46 ± 0.04 0.23 ± 0.04
6.4.2 Non-smooth-shape sample
Perspex and water were chosen to make the spiculated phantom to simulate the contrast 
between malignant and adipose tissue at 1.1 nm"  ^ and the extent to which the shapes were 
correctly reproduced (Alkhateeb et al., 2012). The cross section of the spiculated sample that 
is made of PMMA is shown in Figure 60 (a). The sample was initially scanned alone to see 
the capability of the system to show its spiculated detail.
8 mm
PMMA
Figure 60: Spiculated shape sample cross section.
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The phantom was scanned in four with a 0.5° rotational step across 180° with 20s acquisition 
time/step. Four sinograms were acquired by shifting the sample sideways by 250 pm to 
increase the spatial resolution of the system. The sample was positioned on the rotational 
translational stage at 28 mm from diffraction collimator holes, shifted from centre of rotation 
to prevent ring artifacts in the centre of rotation from affecting the image. Figure 61 shows 
the EDXRDCT image of the spiculated PMMA sample shown in Figure 60.
Figure 61 : EDXRDCT image o f a non-smooth PMMA sample a) for all channels b) for the channels around
PMMA peak (0.7nm'El nm'').
The centre of the image in Figure 61 (b) sample shape and details are seen well while in the 
side of the image there is a loss in sensitivity as we move away from the centre of scattering 
volume along the beam direction. Algebraic (iterative) reconstruction algorithm maybe more 
relevant to this case than filtered backprojection. That is because algebraic reconstruction 
starts with an assumption of the shape and corrects for depth response and position of the 
sample in front of the detector.
6.5 Shape compactness study
The same samples imaged in section 6.4 are studied here to calculate their compactness. 
Compactness value is compared with theoretical value for circular shapes and with micro CT 
values for spiculated, non-smooth shapes.
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6.5.1 Circular-shaped samples
The same sample described in section 6.4 is studied to calculate its compactness. The sample 
cross section contains two circular shapes of 8 mm diameter of PMMA and 2 mm diameter of 
araldite. The compactness of any circular shape is known to be 12.56 as mentioned in 
equation 17. Different experimental scanning parameters were examined to find the 
compactness of the two circular shapes which are:
1- 360 projections of 0.5° apart and 4 lateral steps of 250 pm apart,
2- 360 projections of 0.5° apart and 2 lateral steps of 500 pm apart,
3- 180 projections of 1 ° apart and 4 lateral steps of 250 pm apart and
4- 180 projections of 1 ° apart and 2 lateral steps of 500 pm apart.
Each projection was acquired for 20 seconds and reconstructed to produce a two dimensional 
CT image. The compactness of the shapes is calculated using an IDE routine that 
automatically detect the shape by allowing the user to specify a smoothing level and a high 
and low threshold of grey level in the CT image that accommodate the detail within it. A 
smoothing level of 3-10 can be chosen. 5 and 7 are the two smoothing levels used in this 
study for their intermediate values. Table 15 shows the compactness results of the 8 mm 
PMMA extracted from Figure 58 (a) using the four experimental parameters mentioned 
above.
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Table 15: Compactness values o f the circular 8 mm diameter PMMA using EDXRDCT image around the 
diffraction pattern o f PMMA peak (0.7nm''-l nm ' ) .
Experimental
parameter
Smoothing Image Compactness
1 7
I
30.92
2 5 19.68
7
■
17.69
3 5
1
57.91
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7
■ ■ ■
3827
4 5 20.72
7
■
17.80
The best compactness values when compared to theoretical compactness value are 
represented in order in Table 16.
Table 16: Best compactness values in order for 8 mm diameter PMMA.
Experimental parameter Smoothing Compactness
2 7 17.69
4 7 17.80
2 5 19^8
4 5 2022
1 7 3022
3 7 3827
3 5 57.91
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It can be observed that the best two compactness values is found when smoothing the image 
by 7 points and when scanning the sample in two positions only, with 500 microns apart. This 
is because for a smooth shape like a circle the introduction of further sampling is likely to 
introduce more noise.
6.5.2 Non-smooth-shape sample
PMMA only and PMMA merged in water were chosen to scan the non-smooth-shape sample 
as illustrated in Figure 60. The phantom was scanned using the EDXRD system specified 
above to produce a CT diffraction image by the decided three best experimental parameters 
mentioned in section 6.5.1 which are;
• 180 projections of 1° apart and 2 lateral steps of 500 pm apart with smoothing of 7.
• 360 projections of 0.5° apart and 2 lateral steps of 500 pm apart with smoothing of 7,
• 360 projections of 0.5° apart and 2 lateral steps of 500 pm apart with smoothing of 5.
Compactness value should have a value around the Micro CT imaging findings mentioned in 
section 4.4.2 which is 52.70. Table 17 shows compactness results of the spiculated PMMA 
sample alone extracted from Figure 61 (b).
Table 17:Compactness values o f the spiculated PMMA sample shown in Figure 61 using EDXRDCT.
Experimental
parameter
Smoothing Image Compactness
2 5 4T63
7
■
41.15
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34.50
It is obvious from the results in Table 17 that compactness value is below the expected value 
of 52.70 measured from micro CT imaging. This can be attributed to the poor resolution of 
the image. Moreover, as can be seen in Figure 61, the outer parts of the sample are blurred 
out. This is due to the differences in the sensitivity of the system for different depths along 
the scatter axis and can be addressed by different collimator designs or use of iterative 
reconstruction algorithms.
6.7 Summary and conclusion
This chapter aimed at using HEXITEC detector with an EDXRD system to measure 
diffraction from materials for simulating breast tissues. Test objects representing the shape 
and contrast between different breast tissues at significant values of momentum transfer were 
scanned.
Contrast values are influenced by noise resulting from poor statistics and reconstruction 
artefacts. However the spectra had definite peaks at the correct momentum transfer values. 
This makes the detectability of samples’ contents feasible. Contrast and loss in momentum 
transfer resolution are also influenced by the cross talks between collimator holes, which is 
likely to be stronger in presence of thicker samples. This can be limited by moving the 
sample closer to collimator holes, but it was not feasible in this case due to mechanical 
constrains. A way to improve the statistics is to remove the need for sideways scans by using 
finer collimation and multi-angle scatter collimator. (Abdelkader, 2013)
Compactness results were strongly affected by noise and by loss of sample definition in the 
outer area of the field of view due to variations in sensitivity across the depth of the scatter 
volume. Higher statistics would remove the former limitation, while a new collimator design, 
or the use of more complex reconstruction algorithms, would remove the latter. Image
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delivering at this statistics level causes further noise level. Again, this can be addressed with 
a different collimator design.
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Chapter 7
7 Tissue Sample
In this chapter a waxed block of real tissue was examined and scanned using Micro CT 
system and EDXRDCT system using both CdTe detector and HEXITEC detector. As a 
preliminary study the tissue that is contained in the waxed block is human liver tissue. Figure 
62 shows the waxed liver tissue block which will be examined and its dimensions.
28 mm
23 mm
23 mm 30 mm
Figure 62; Waxed block contains a piece o f liver tissue. A thin wire is attached to the further side for position
determination.
7.1 Transmission micro CT of tissue sample
The real tissue is scanned using the Micro CT system illustrated in chapter 4 to find tissue 
compactness within the waxed block and compare it with EDXRDCT findings. 60kVp, 100 
|xA, 180 steps per 180° and 20 frames per step are the parameters that were used to scan the
1 1 2
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sample based on the findings of chapter 4. Figure 63 (a) shows the micro CT image of the 
waxed tissue. Using an IDL program that allows the calculation of shapes compactness the 
tissue was outlined based on grey level threshold selection (see Figure 63 (b)).
Figure 63: a) Micro CT image o f waxed liver tissue block b) tissue shape outline based on grey level thresholds.
The shape in Figure 63(b) is fizzy due to noise therefore compactness value is over estimated. 
The compactness of the tissue within the waxed block is found to be 29.95, with an area of 
17313 pixels squared and perimeter of 720 pixels which will be used as a reference value for 
EDXRDCT imaging.
7.2 Preliminary investigation using CdTe detector of tissue sample
A preliminary investigation was carried out with the system deseribed in chapter 5 in order to 
assess the signal level from liver and from wax only. The sample was scanned across the 
direction orthogonal to the peneil beam and a diffraetion pattern was aequired every 1 mm for 
3 minutes/step. A metal wire was placed as a land mark to identify the position of the liver. 
The sample was scanned in 26 steps to make sure that the whole wax area is covered.
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Figure 64: Diffraction pattern o f  scanning the waxed block in Figure 62. (Alkhateeb et a!., 2013)
Figure 64 shows the diffraction patterns obtained from different positions of the waxed block. 
Each pattern results from a thin strip of the sample cross-section. Patterns for step 8  shows 
wax with the metal wire, step 15 represents wax with the tissue and step 24 wax only. These 
initial results confirm the feasibility of scanning waxed samples rather than fresh ones, the 
diffraction patterns from regions containing the sample being clearly distinguishable from 
those containing wax only. Figure 63 (a) helped in determination of the percentage of 
representation of each detail in each of the scanning steps. The average signal per unit length 
of wax and liver, as measured from the micro CT image, in the sample is normalised and 
presented in Figure 65.
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Figure 65: Average signal per unit length o f  wax and liver from the sample shown in Figure 62. (Alkhateeb et
al., 2013)
7.3 EDXRDCT using HEXITEC detector of tissue sample
The same EDXRDCT system presented in section 6.2 was used here. Initially, the sample 
was aligned vertically and positioned 18 mm from centre of sample diagonal to the 
diffraction collimator holes. This allows enough space for the full rotation of the sample and 
plastic holder and places the detail of the sample in the middle of the scatter volume.
After alignment of the waxed liver tissue sample horizontally and vertically in front of the 
detector, the sample was scanned in two positions each of which with two steps of 0.5 mm 
distance between them to cover the whole sample. At each step the sample was scanned for 
20 seconds 360 projections of 0.5° apart. Each of the positions covers half of the wax block 
as the detection area is 17 mm while the sample diagonal is 30 mm. Figure 6 6  shows 
scanning positions and steps.
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Figure 66: Schematic illustrating drawing o f scanning positions and steps.
7.3.1 Waxed tissue diffraction
The diffraction pattern of wax in the waxed sample was compared with pure wax diffraction 
pattern obtained with the CdTe detector. Figure 67 shows the normalised diffraction pattern 
of pure wax and wax in the tissue sample using CdTe detector and HEXITEC detector 
respectively.
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Figure 67: Wax diffraction pattern.
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It is noticed form Figure 67 that wax peaks in both row sample and tissue sample fall in 
approximately the same momentum transfer value of 1.16 nm '\ The full-width at half 
maximum (FWHM) was 0.17 nm’  ^ and 0.24 nm'^ for the CdTe pinhole detector and for the 
HEXITEC system, respectively. This discrepancy results from many factors such as: the 
differences in the energy resolution of the detector, in the angular resolution of the two 
geometries, poor statistics that lead to noise and different kinds of wax.
7.3.2 Waxed tissue shape compactness
Figure 6 8  a and b shows the EDXRDCT image of the waxed tissue sample at wax peak and at 
water peak as a representation for tissue diffraction pattern respectively.
Figure 68: EDXRDCT image o f waxed liver sample using HEXITEC detector (a) for wax peak channels (65-
75) (b) for water peak channels (90-100).
117
© Shyma Alkhateeb 2013
Tissue Sample
Development of a System for EDXRDCT of breast tissue samples and phantoms
Table 18: Waxed liver tissue compactness.
Smoothing Image Area
(pixels)^
Perimeter
(pixels)
Compactness
At wax
peak
channels
5
■
606 9&43 15.99
7
■
578 104.08 18.74
At water
peak
channels
5
■
236 73.11 2Z65
7
■
247 76.28 23.56
Using EDXRDCT the nearest value of tissue compactness to the Micro CT value is found to 
be at water peak channels and when smoothing the image with 7 points. However, the 
resolution of the correct shape is limited by the poor statistics and by the presence of 
reconstruction ring artefacts.
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7.4 Summary and conclusion
In this chapter a waxed tissue sample was analysed using a transmission Micro CT system, an 
EDXRDCT system using a pinhole CdTe detector and an EDXRDCT system using a 
HEXITEC detector. Initially the transmission Micro CT system was used to scan the sample 
to have a reference value for tissue compactness. The sample was then scanned linearly with 
a CdTe detector to show the feasibility of extracting wax and tissue diffraction pattern from 
the sample. Finally the sample was scanned using the EDXRDCT system with HEXITEC 
detector to compare the diffraction pattern of wax within the sample with the diffraction 
pattern of row wax and to calculate the compactness of the tissue within the wax.
Despite the poor statistics that can be improved with higher tube current, higher tube voltage 
and coarser collimation, the liver detail is visible inside wax. This suggests the feasibility of 
testing and calibrating the system for use with tissue using waxed tissue blocks from 
histopathology, which is easier to obtain and to handle than fresh samples. The main 
limitation with this approach is from the size of the waxed block holders, which require the 
sample to be placed at a distance from the detector, thus reducing the statistics and the spatial 
resolution of the system. It is also noticed that compactness is not a good parameter for the 
level of low statistics achieved by the system. More statistics will give better results.
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Chapter 8
8 Phantom Simulating Breast Tissue Shape and Diffraction
A phantom that simulates breast tissue diffraction contrast and shape was designed and tested 
in this chapter. The phantom can be used for calibration and quality control of any 
EDXRDCT system in all future works.
8.1 Equivalent materials
Breast tissue contrast equivalent materials are discussed in chapter 5. Some tissue 
combinations that appear in reality will be simulated using the contrast equivalent 
combination of materials. Table 19 illustrates the breast tissue combination that will be 
simulated in the phantom and the corresponding materials that simulate them at 1 . 1  nm'^ and 
1.6 nm'^ based on section 5.3 results and practicability of manufacturing. The shape of the 
materials in the phantom is aimed at simulating healthy and diseased tissue.
Table 19: Phantom materials that simulate breast tissue.
Breast tissue Simulating materials Shape
at 1.1 nm-1 at 1.6 nm-1
Adipose and glandular PMMA and araldite Nylon and PMMA uniform
Glandular and benign PMMA and glue stick Araldite and PVC uniform
Glandular and malignant PMMA and glue stick PMMA and araldite spiculated
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8.2 Design
In designing the phantom many factors were considered including feasibility of 
manufacturing. The detection area is 17.5 mm based on the fact that the scatter collimator is 
of 18 (0.5 mm xO.5 mm) active holes with 0.5 mm distance between them.
The phantom is consists of a PMMA cylinder bulk (15 mm diameter and 20 mm length) that 
contains all the details within it. PMMA is chosen for the outer frame because it is a common 
material in most of the combinations mentioned in Table 19 as well being a firm material for 
drilling without melting or breaking.
The other materials that make the details in the PMMA frame are chosen based on their 
contrast and shape according to Table 19. Figure 69 shows a side and cross section view of 
the phantom.
1 2 1
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Figure 69: Phantom (a) side view and (b) cross section diagram
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8.3 Phantom micro CT
The phantom was scanned using the transmission micro CT system described in chapter 4 to 
calculate the perimeter of phantom details. The phantom is scanned in 180 steps across 180° 
with 20 frames per step using 60kVp, 100 pA source based on the findings of chapter 4. 
Figure 70 shows the phantom micro CT.
Glue stick
PVC
Araldite
PMMA
Nylon
Figure 70: Phantom transmission Micro CT.
The perimeter and area of the phantom details is calculated as described in the previous 
chapters. Table 20 shows the compactness values and details edges.
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Table 20: Compactness o f  phantom details using transmission Micro CT.
Detail Image Compactness
PVC mi 13.63
Araldite 112.65
Nylon ■ 15.65
Glue stick mi 20.07
PVC and nylon are the two circular details in the phantom which should have a compactness 
value close to the theoretical value of 12.56 as mentioned in equation 17. PVC is a highly 
absorbing material which made its appearance definite and its perimeter value close to 
theoretical value. On the other hand, the perimeter of the nylon detail looks noisier because 
the attenuation coefficient of this material is closer to that of the bulk material. The glue stick 
has a smooth shape, whilst the araldite insertion has a fizzy contour that lead to a higher 
compactness value than real.
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8.4 EDXRDCT with HEXITEC detector of phantom
The EDXRDCT system that was described in chapter 6  was used to scan the phantom in four 
positions with 250 microns between them. The scanning was for 20 seconds per projection in 
360 projections of 0.5°. Background was subtracted from each projection and the 
reconstructed image was smoothed with a kernel width of 7. The resultant image shown in 
Figure 71 is studied in terms of phantom details compactness and diffraction contrast 
calculation. The shade in the lower part in the image is attributed to the sample carried out 
away from the centre of scattering volume while scanning.
Nylon Glue stick
PVC
Araldite
PMMA
Figure 71: Phantom EDXRDCT obtained from integrating the whole spectrum.
Figure 72 shows EDXRDCTs at different momentum transfer values that lay under the 
diffraction peaks of phantom component materials as well as at 1 . 1  nm"' and 1 . 6  nm"'.
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Figure 72: EDXRDCT obtained around different momentum transfer values a) 0.78 nm ' representing nylon 
peak, b) 1.05 nm ' - 1.2 nm ’ representing glue stick and araldite peaks, c) 1.1 nm ', d) 1.32 nm ' representing 
PVC peak, e) 1.6 nm ' and f) 0.8 nm 'representing PMMA peak.
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8.4.1 Phantom compactness study
The compactness of phantom details in Figure 71 is calculated as described in section 4.3. 
Table 21 shows detail contours and compactness values of each of phantom details obtained 
from Figure 71 .
Table 21; Compactness o f  phantom details using EDXRDCT image with HEXITEC at all channels.
Detail Image Compactness
PVC H 13.02
Araldite 17.58
Nylon mi 13.54
Glue stick ■ 27.59
Nylon is the only detail that can be relayed on due to its smooth shape and comparable 
compactness value to the theoretical circle compactness 12.65 mentioned in equation 17. 
PVC is very close to the centre of rotation that made its compactness value not reliable. 
Araldite and glue stick had square shapes and their compactness should be compared to micro 
CT compactness values identified in section 8.3.
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8.4.2 Phantom contrast study
Contrast between materials that simulate breast tissue according to Table 19 at certain 
momentum transfer values is calculated. Table 22 shows contrast values of phantom details 
and compare it with raw materials contrast values according to chapter 5.
Table 22: Comparison between contrast values o f raw materials and materials within phantom using EDXRD,
Contrast between At X 
(nm'^)
Raw materials using 
pinhole CdTe detector
Phantom details using 
pixelated detector
PMMA and araldite 1 . 1 0.46 ± 0.04 0.43 ±0.14
PMMA and glue stick 1 . 1 0.19 ±0.03 0.56 ±0.18
Araldite and PVC 1 . 6 0.07 ± 0.07 0.78 ± 0.04
Nylon and PMMA 1 . 6 0.30 ± 0.04 0.14 ±0.09
PMMA and araldite 1 . 6 0.06 ± 0.05 0.23 ±0.12
Except for PMMA and araldite there are large discrepancies in contrast values between 
materials when using pinhole CdTe detector of raw materials and when scanning the phantom 
using the pixelated detector. This can be attributed to fluctuation in the image that is caused 
by noise and low statistics as well as loss of resolution that is caused by the cross talk 
between collimator holes.
8.5 Summary and conclusion
This chapter presented the design and preliminary testing of a phantom to be used for 
calibration and evaluation of EDXRDCT system. The designed phantom seems to fulfil its 
objective in terms of shape compactness that simulates breast tissue details. However 
diffraction patterns of materials do not represent exactly the shape of its raw materials 
diffraction pattern.
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Chapter 9
9 Conclusion, Limitations and Future Works
This project was aimed at developing an EDXRDCT system for the characterisation of breast 
tissue. The final use of such a system would be in the operating theatre for fast assessment of 
the nature and severity of a lesion, to allow targeted treatment without recall operation.
A semi-automated assessment system would feature the following steps:
1. Measurement of the diffraction pattern of the lesion.
2. Measurement of the detail shape and of its deviation from circularity as an indicator
of malignancy.
It is expected that combining the two approaches would result in increased sensitivity and 
specificity compared to either approach alone.
This project was aimed at evaluating the feasibility and limitations of the two approaches. 
After identifying suitable materials for reproducing the contrast between different tissue types 
at selected values of momentum transfer (Chapter 5), a preliminary evaluation of the contrast 
resolution with EDXRDCT of symmetrical samples using a single-point spectroscopic 
detector and a first generation CT geometry was done in Chapter 5.
Chapter 4 set the background for the measurement of the sample shape using compactness (C 
= p VA) as an indicator of the deviation from circularity.
In Chapter 6 , 7 and 8  an EDXRDCT system based on a pixellated spectroscopic detector and
a multi-hole collimator was used for EDXRDCT of various samples.
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In Chapter 6 , dual-component samples were imaged using the EDXRDCT system and the 
feasibility of extracting their diffraction patterns was assessed. It was found that, although 
image contrast presents variations as a function of the momentum transfer range across which 
the image is reconstructed, the diffraction patterns of different regions are strongly affected 
by noise and reconstruction artifacts. The assessment of sample shape is also strongly limited 
by statistics, by ring artifacts resulting from incorrect normalization by collimator pixel 
sensitivity and by the need for sinogram dithering to improve the spatial resolution of the 
system.
In chapter 7, preliminary evaluation of a liver tissue sample, fixed, embedded in wax and 
mounted on a standard pathology tissue frame was carried out in order to assess the effect of 
wax on the diffraction pattern of the embedded tissue, and to evaluate the possibility of 
calibrating and training a diagnostic tool with waxed samples, easier to obtain and store than 
fresh tissue.The presence of the mount requires a distance of at least 18 mm between centre 
of the scatter volume and the collimator in order for the rotation to be carried out, which 
reduces statistics and causes cross-talk between collimator holes. Discussion would need to 
take place to determine whether the routine operation of a pathology lab could allow removal 
of the sample from its mount.
In Chapter 8 , a tissue-equivalent test object was designed and built for future evaluation and 
quality assurance of EDXRDCT systems. The main limitations of the work result from 
statistical noise and from ring artifacts resulting from incomplete normalization of the 
sinograms by the individual collimator pixel response. These issues alter the diffraction 
patterns extracted from tomograms and increase the compactness of the detail, altering the 
resolution of the shape.
A new system addressing these problems should include:
• A smaller collimator holes to refine the lateral sampling and remove the need for 
sinogram dithering, which has proven to increase image noise.
• A smaller distance between the collimator and the detector. The current distance is 
determined by the protective box used to shield the detector from light and from 
mechanical damage.
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• A longer scatter volume, achieved by using higher collimator holes, to ensure 
increased sensitivity and uniformity of the system response along the direction 
parallel to the primary beam in order to remove artifacts resulting from incorrect 
normalization due to different depth-responses of the different collimator holes. New 
reconstruction algorithms, based on algebraic reconstruction, could also include 
corrections for the variation in sensitivity along the sample depth and would reduce 
image noise.
• A more powerful source, allowing higher current and higher operating voltage, to 
reduce the acquisition time and to improve statistics. In the current setup the voltage 
was kept up to 70 kVp to ensure tube stability and to avoid the presence of the 
tungsten characteristic lines on the spectrum, that would alter the diffraction patterns.
• A multi-angle collimator, allowing simultaneous acquisition of different scatter 
angles. With appropriate corrections for spectral shape and momentum transfer 
resolution, diffraction patterns acquired at different angles could be summed and the 
overall statistics for a certain acquisition time would be increased.
A larger detector area, currently under development (Wilson et al., 2013), will allow not only 
acquisition of larger samples, but also acquisition of more scatter angles at the same time, or 
of two patterns for each scatter angle. This approach would further reduce the acquisition 
times, or increase the statistics for a given acquisition time improving the accuracy of 
detection.
A semi-automated system for tissue assessment should flag up any suspicious cases with a 
confidence level. Therefore, a vast library of real tissue diffraction patterns would need to be 
acquired for each geometry used and a robust methodology for identification of diffraction 
pattern features and statistical analysis should be implemented.
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